environment and would therefore need to be thoroughly understood in order to predict the

outcome of a biomineralization event (Dupraz and Visscher 2005).

IMPACT OF MICROBIAL METABOLISM ON MINERAL PHASE NUCLEATION

Little is known about the variables that contribute to the bio-crystal polymorph
selection, which may be species-specific and may involve specific biomolecules or the
microbial cell wall (Dhami et al. 2013). Biomolecules can influence the resulting crystal
characteristics and mineralization rate (Wang and Muller 2009). Although a knowledge
of the redox potential could provide insight into the broad types of crystals that are likely,
namely hydroxides, carbonates, and phosphates in oxic zones and metal sulfides in
anoxic zones (Remoudaki et al. 2003), the particular phases cannot be narrowed down as
easily. Salt concentrations and ionic composition are just two of the myriad factors that
may influence the mineralization (Rivadeneyra et al. 2006). In addition, and perhaps
most enigmatically, the preexistence of minerals in a system can influence the
precipitation of successive minerals through surface sorption phenomena (van
Hullebusch et al. 2004)

Although predicting the resulting biomineral in a given environment seems
prohibitively complex, identifying the species responsible for a mineralization event is
possible. To achieve this, the identity and quantity of members of various species would
need to be elucidated. This could be done by a variety of methods that each have benefits.
One could make use of a PCR-based method (Larpin et al. 2006; Leclercg-Perlat et al.
2013b; Lessard et al. 2012) to amplify DNA in a sample. One of the disadvantages to
using PCR-based amplification is the possibility that DNA from dead cells could be

replicated (Tsiamis et al. 2008), thereby introducing an artifact and making it more
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difficult to identify microbial succession in an ecosystem. To ensure that this is not the
case, users of PCR-based methods can use a secondary technigue to validate the method
for a particular ecosystem. The members of a large microbial ecology can be identified
using powerful techniques such as large scale sequencing, metatranscriptomic studies,
and metagenomic analysis with 16SrRNA (Franks and Stolz 2009). Furthermore,
molecular techniques could also help to elucidate the biomolecules that are present in the
nucleation environment in order to understand the matrix-metal interactions that favor

certain crystal phases over others (Gonzalez-Munoz et al. 2008).

TECHNIQUES FOR STUDYING MICROBE-MINERAL INTERACTIONS

Cheese agar mediums have been used to quantify cheese microbes (Lessard et al.
2012), but these techniques are limited by the culturability of the microbes (Wolfe and
Dutton 2012) and may be biased by the composition of the culture media (Dupraz et al.
2009). Even when microbes can be cultured, minor populations could be overshadowed
and difficult to enumerate using culture-dependent methods (Lessard et al. 2012). In
heterotrophic systems, CO2 production could be monitored with an IR detector to gain
insight into the respiration rate and growth dynamics (Couriol et al. 2001; Picque et al.
2006), although this cannot provide detailed information in a mixed culture and is
confounded by the precipitation of carbonate minerals and the dissolution of CO2 in the
growth media. Given the correlation between oxygen and CO2 in microbial respiration
(Picque et al. 2006), concurrent measurement of oxygen could, however, be used to
determine the quantity of COz2 that is deposited in the medium or in crystals, which could

provide information on metabolism as well as crystallization. Although this technique has
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been used, it has not been explicitly used to provide insight into crystallization
phenomena.

The most developed techniques for this purpose involve microscopy, wherein the
proximity of precipitates to microbial cells or their exudates provides insights about the
microbes involved in the biomineralization. Microscopy can provide insights into the
spatial arrangements and in situ interactions that exist between microbes in a community
(Surman et al. 1996), which is especially important given the microspacial heterogeneity
that may exist within a community (Decho 2010). Microanalysis, which can be used with
certain kinds of microscopy, could provide elemental analysis of the particles identified
by microscopy (Han et al. 2015; Watson and Demer 1996), which greatly enhances the
information that can be gleaned from this technique. The microenvironments that exist at
the cell wall as a result of cellular metabolism could create supersaturation conditions
(Benzerara et al. 2011) that could become apparent by observing the proximity of micro-
crystals to the cell wall (Rizzo et al. 1963). Imaging techniques may be misleading,
however, if a community includes microbes that have evolved mechanisms to induce
crystallization away from the cells, on EPS for instance (Benzerara et al. 2011). The
identification of microbes responsible for exuding such EPS, or for exuding molecules
that impact crystal morphology by poisoning certain growing faces, would be difficult
and would likely not be possible with microscopy. In order to understand such complex
systems, one would have to study the mineral and the microbial community as a single
interacting unit (Benzerara et al. 2011).

Regardless of the technique, the ultimate challenge is to determine if minerals in a
biological matrix are biologically induced, in which the microbial metabolism causes the
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necessary shift in equilibrium, or biologically influenced, in which biomolecules
produced by the microbes influence the chemical identity, morphology, and other
characteristics of a crystal (Benzerara et al. 2011). In many cases, the goal of linking a
particular product to a microbiological origin or process remains elusive (Riding 2000).
The enhanced techniques of tomorrow will hopefully shed light on these systems by
allowing users to efficiently identify the minerals, microbes, and processes involved in

biomineralization phenomena.
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THEORETICAL BASIS FOR POLARIZED LIGHT MICROSCOPY

PRINCIPLES OF THE POLARIZED LIGHT MICROSCOPE

The polarized light microscope is a modified light microscope that possesses
several additional filters and a specialized rotating stage and is used for the observation of
minerals and other isotropic anisotropic material. Polarized light microscopy (PLM)
allows the user to take advantage of two optical phenomena that facilitate
characterization and identification of specimens; the first is the plane-polarization of light
and the second is the refraction of light in isotropic and anisotropic material. There are
two types of polarized light microscopes, transmitted light and incident light, which
correspond to the two types of light microscopes that are typically modified for PLM.
Transmitted polarized light microscopes can be used to image translucent materials,
whereas the incident polarized light microscope is used to image opagque materials that
are not compatible with transmitted PLM. All of the specimens that were investigated in
my research were compatible with transmitted PLM, therefore the following discussion
will focus on the transmitted light microscope and will not discuss the finer points of
PLM on opaque surfaces.

When light is emitted from a source, such as the sun or the tungsten filament on
a light microscope, the ray vibrates in many random directions perpendicular to the ray’s
propagation direction. This type of ray is referred to as non-polarized light. When such a
ray is passed through a polarizer, the light that emerges from the other side is polarized
such that it only vibrates in a single plane perpendicular to the ray’s propagation

direction. On the polarized light microscope, a polarizer is installed between the light
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source and the specimen so that the specimen is illuminated by plane-polarized light that
is vibrating in the polarized direction, which depends on the microscope’s manufacturer.
A second polarizing filter that is oriented perpendicular to the polarizer, called an
analyzer, sits between the objective and the ocular and can usually be removed so that the
user can switch between viewing the field in plane-polarized light and crossed-polarized
light. Under the latter setting, the vibration plane that emerges from the polarizer is
blocked by the perpendicular analyzer. The result is a completely black field in which

none of the light passes the analyzer.

REFRACTIVE INDICES IN ISOTROPIC AND ANISOTROPIC MATERIAL
Crossed-polars are useful for observing anisotropic materials. Per Snell’s law,

when light passes into a material with a higher refractive index, the speed of light slows
and the light is bent toward the normal of the interface; likewise, when light passes into a
material with a lower refractive index, the speed of the light increases and the light is
bent away from the normal of the interface. Whereas isotropic materials have one
refractive index, anisotropic materials have two or three refractive indices. Thus, when
light passes through an isotropic material, its refraction does not depend on the
orientation of the specimen. In contrast, anisotropic materials characteristically refract
light to a different extent depending on the orientation of the specimen. This phenomenon
can be visualized with an indicatrix, which is a three-dimensional representation of a
material’s refractive indices. In an indicatrix, the three axes of an ovoid represent the
three refractive indices, with larger refractive indices being drawn longer.

The refractive indices in an isotropic material are equivalent, so the indicatrix of

an isotropic material is a perfect sphere. In contrast, the indicatrices of anisotropic
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materials are more irregular and come in two varieties. In uniaxial materials one of the
refractive indices is different from the other two, whereas in biaxial materials all of the
refractive indices are different. In an anisotropic indicatrix, there are either one or two
optical axes, which are axes whose perpendicular cross-sections within the indicatrix
would yield a circle. As their names suggest, uniaxial materials possess one such axis and
biaxial material possess two. To this effect, the refraction of an anisotropy measured
under polarized light will differ depending on the orientation of the anisotropy’s axes

relative to the light beam (Smithson 1948).

OBSERVATION OF POLARIZED LIGHT TRAVERSING ANISOTROPIC AND ISOTROPIC MATERIALS
When plane-polarized light passes through an isotropy, the light is refracted per
Snell’s law as a function of the one refractive index characteristic of that material.
Although the plane-polarized light is refracted by the isotropy, the polarization of the
light does not change and the light emerges from the isotropy with the same plane of
vibration. When viewed under crossed-polars, the light emerging from isotropic materials
is absorbed by the analyzer and the field appears completely black. Conversely, when
plane-polarized light passes through an anisotropy, the light is split into two separate
rays, called the ordinary and the extraordinary, whose vibrations are mutually
perpendicular and whose vibrational planes depend on the orientation of the optical
axis/axes of the material. Under crossed-polars, the two rays emerging from anisotropic
material recombine into a polarized ray that is the product of the interference of the
ordinary and extraordinary ray. This ray is not absorbed by the analyzer, assuming that
the optical axis/axes are oriented such that the vibrational direction of the emerging ray

does not overlap with the analyzer. Thus, under crossed-polars, anisotropic material will
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appear illuminated against a black background, which not only provides excellent image
contrast (Ivorra et al. 1999), but can also be used to definitively identify material as
anisotropic. Furthermore, separation of the ordinary and extraordinary rays, and their
subsequent recombination, produces optical properties that can be used to characterize
and identify the particular anisotropic material in the specimen.

Due to their different paths through the anisotropy, the ordinary and the
extraordinary rays are slowed to different extents before they emerge and recombine in a
process called retardation. The difference in retardation between the two rays is called
birefringence and it is caused by the phase differences between the two rays as they
recombine into a ray with new wavelengths, and therefore new colors. Materials
displaying high birefringence display a variety of rainbows, whose colors correspond to
the interference of the two waves. These patterns, in combination with additional filters
above the analyzer, can be used to identify well characterized materials. Also, because
retardation and birefringence vary with the thickness of the anisotropic material, the
apparent extent of birefringence can be used as an indicator of the thickness of the

material.

INTERFERENCE FIGURES

Birefringence can also be harnessed to generate interference figures, which can
help to identify an anisotropic material and can also indicate the orientation of the
anisotropy. Interference figures are generated with the help of several implements that are
unigue to the polarized light microscope. The typical light source in a polarized light
microscope is orthoscopic, meaning that the rays entering the specimen are roughly

parallel. The conoscope is a series of additional lenses that project a cone-shaped light
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source through the specimen so that an interference figure, which is the result of non-
parallel rays traveling in many directions through the anisotropy, is projected on the
objective lens. Another lens that resides above the analyzer, called a Bertrand lens, is
used to focus on the projection so that it is observable through the ocular.

The interference figure is similar to the interference colors that form on the
anisotropy as a result of birefringence, but the interference figure provides additional
valuable information. If a uniaxial anisotropy is aligned on the microscope stage such that
the optical axis is parallel or nearly parallel to the light ray, the interference figure will
show characteristic features. The interference figure displays a circular pattern called a
isochrome with isogyres, or black crosses, that result from the vibration of the polarizer
and analyzer, and which are characteristic of a projection down the optical axis of a
uniaxial anisotropy. If the anisotropy is biaxial, a projection down the axis that bisects the
two optical axes, called a bisectrix, yields an interference figure that displays two
isogyres some distance apart. An interference figure in which the two isogyres are a
similar distance from the center is characteristic of a projection down the biaxial
anisotropy’s acute bisectrix. With this projection, the distance between the thinnest part
of each isogyre corresponds to 2V, which is the angle between the two optical axes, and

which is a characteristic feature of a given biaxial anisotropy.

EXTINCTION ANGLES

Characteristic extinction angles can be determined for anisotropies displaying
directional elongation, or other directional features such as mineral cleavage. The
extinction angle is a useful piece of information for identifying an anisotropy, but care

must be taken as extinction angle varies with the orientation of the anisotropy. Extinction
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angles are most often determined for anisotropies whose optical axis/axes are parallel to
the light beam. This orientation may be implied by the tendency of the anisotropy to rest
in a particular orientation, for instance on the cleavage face in the case of some minerals.
Otherwise, a random anisotropy could yield a random extinction angle measurement,
which would be useless for phase identification. In mineralogy, extinction angles can be
described as parallel or inclined relative to a feature such as a cleavage plane or a
growing axis. Minerals with inclined extinction can be further characterized by a specific
offset angle relative to the feature, however, the orientation of the mineral must be known

in order for the measured angle to be used for conclusive identification.

IDENTIFYING CRYSTAL PHASES BY THEIR OPTICAL PROPERTIES

The addition of different types of compensators or accessory plates above and at
a diagonal to the analyzer allows for the sign of elongation to be measured. This
technique, in combination with some of the other optical techniques described above, can
be used for identifying anisotropies based on the anisotropy’s sign of birefringence
(McCarty and Hollander 1961). In fact, this technique is considered the gold standard in
medicine for identifying calcium pyrophosphate dehydrate and monosodium urate
crystals in the inflamed joints of patients suffering from gout (Ivorra et al. 1999). The
compensators, which may be constructed of a variety of materials with differing optical
properties, characteristically interact with the interference colors displayed by an
anisotropy. Compensators can be used when viewing interference colors in an
interference figure or when viewing interference colors on an anisotropy under crossed
polarized orthoscopic light. Characteristic changes in interference colors using different

compensators can also contribute to conclusive identification of an anisotropy (McCarty
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and Hollander 1961). Well characterized anisotropies, such as crystals with elongated
growth axes, are described according to the elongation of their refractive indices. In
uniaxial anisotropies, when the refractive index of the optical axis is greater than that of
the other axes, the anisotropy is called ‘uniaxial positive;” when the reverse is true, the
anisotropy is called ‘uniaxial negative.” The same nomenclature applies to biaxial
anisotropies, but the mathematics of determining the sign of a biaxial anisotropy are
considerably more complex. This elongation sign can be measured in uniaxial
anisotropies by aligning the growth axes parallel or perpendicular to the compensator and
observing whether higher or lower order interference colors become apparent. Many
accessory plates are available, and their applications vary depending on the plate and the
specimen.

The polarized light microscope is arguably one of the most powerful simple
instruments available. A respected mineralogist once commented to me that if one were
to be marooned on a desert island with only one scientific instrument, the instrument of
choice would undoubtedly be the polarized light microscope, in lieu of more
sophisticated but less versatile alternatives. Despite its apparently simple design, the
application of plane-polarized light in combination with various auxiliary lenses and
accessory plates allows the PLM user to gain great insight into a variety of anisotropic

materials.
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QUANTITATIVE METHODS OF OPTICS IN CRYSTAL RESEARCH

QUANTIFICATION OF CRYSTALS IN FOODS USING OPTICS

In the investigation of crystals in food, the most important parameters with
respect to mouthfeel are size, abundance, and shape (Afoakwa et al. 2007; Hough et al.
1990; Imai et al. 1995). Although much of the past microscopy work on crystals in food
has been non-quantitative, several studies have used image analysis techniques to
determine quantitative metrics. Several of the analytical methods that have been used in
food research are based on methods that were originally used to investigate geological
mineral thin sections and grain mounts with petrographic polarized light microscopy.
Food has some unique characteristics when compared to geological samples that must be
considered when attempting to collect quantitative data on crystalline particles. For
instance, the amorphous biological matrix is very different from the largely crystalline
mass found in geological specimens, and the relatively soluble crystals that tend to form
in food are more susceptible to artifacts from sample preparation than crystals in
geological samples, which tend to be much less soluble. Nonetheless, the petrographic
techniques have found useful applications in food science on several occasions.

When collecting quantitative data on crystals in cheese, it is critical for one to be
able to identify the crystals in the specimen, especially if multiple crystal phases are
suspected. Several cheese studies that have used PLM, including my work, have relied on
birefringence of anisotropic crystals under cross-polars as the primary method for
detecting the presence of crystals (Brooker 1987; Brooker et al. 1975; Tansman et al. In

Press). This technique, although straightforward, cannot be used to image isotropic
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crystals, which, if present, would be optically extinct under crossed polars. Although
nearly all crystal phases, apart from sodium chloride, that have been cited in the cheese
literature are anisotropic, the inability to image isotropic crystals represents a major
limitation to quantifying crystals in cheese with confidence. Previous researchers
apparently accepted this shortcoming as a limitation of the technique. Nonetheless,
Miloslav Kalab, arguably the most prolific dairy foods microscopist, cautioned that
multiple techniques should be employed whenever a food is imaged for the first time
(Kalab 1995). In my work, powder X-ray diffractometry was employed to determine if
isotropic phases were present within the detection threshold of the diffractometer, and
similarly, Ware (2003) used X-ray fluorescence to validate point-counting against major
element abundances. Validation of PLM imaging with a parallel technique is critical
because the presence of an optically extinct isotropic phase could result in a gross under-
estimation of the number or volume of crystals in a specimen.

Previous cheese researchers have used staining techniques, such as the von Kossa
stain, to label particles of interest and to differentiate them from other crystal phases in
the cheese (Brooker et al. 1975; Morris et al. 1988). It should be noted that the authors of
those studies overstated the specificity of the staining technique, with one study stating
the technique could identify phosphates and carbonates, and the other study stated that
the stain could identify calcium phosphate. In reality, the stain can be used to identify a
broad range of carbonate, phosphate, oxalate, sulfate, urate, chloride, and sulfocyanide
salts (Thompson and Hunt 1966). Although oxalates, urates, and sulfocyanides are
probably not present in cheese, | recently observed the presence of several carbonate and
phosphate phases that would have been misidentified as a result of the assumptions made
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about the specificity of the von Kossa technique (Tansman et al. In Press), which
highlights the need to consider the specificity of an imaging technique.

On the few occasions that quantitative data were extracted from PLM
observations of cheese, the authors borrowed a quantitative ‘point-counting’ technique
from the mineralogical literature (Brooker 1987; Morris et al. 1988). Although the cited
technique in the text entitled “On the Geometrical Methods of Quantitative Mineralogic
Analysis of Rocks” was not available, the title and the sample preparation methods used
by the aforementioned authors suggest that this technique is similar to the point counting
technique described by Hunter (1967), with some important distinctions. Hunter (1967)
used point-counting to calculate weight percentages of specific minerals in a samples,
whereas Brooker (1987) and Morris et al. (1988) used point counting to determine the
volume fractions of crystals in cheese. These techniques differ only in the mathematical
treatment of the point-counting results, with the volume fraction calculation relying on an
estimation of the volume of each crystal, whereas the weight percentage calculation also

included a density correction for each type of crystal.

QUANTIFICATION OF THE NUMBER FREQUENCY

Point-counting involves applying a grid of equally spaced lines on a sample
(Neilson and Brockman 1977), either physically or digitally. Particles underlying
equidistant points on the grid are counted. Using this method, particles can be counted
uniformly and efficiently. However, application of the grid and selection of the starting
point must be done at random in order to avoid biasing the measurement. The
combination of the uniformity of the point-counting grid and random grid placement

typify the principles of systematic uniform random sampling (SURS), which is intended
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to provide unbiased yet efficient sampling (Altunkaynak et al. 2012). Point counting is
similar to the Line Method, wherein lines are drawn across a field and all particles that
fall on that line are counted. Similar to point-counting, the placement of the lines must be
random in order to reflect the potential heterogeneity of particles within a field
(Galehouse 1969). The metric that one obtains from point-counting or the Line Method is
known as the ‘number frequency’ (Galehouse 1969). The number frequency reflects the
number of particles present in the sample as well as the area represented by a type of
particle because particles with a larger area are more likely to fall on the line or grid-
points, and are therefore proportionally more likely to be counted (Galehouse 1969). The
size of the point-grid should be slightly larger than the largest particles in the population
so that no particle is counted more than once and the grid size must remain constant

throughout the experiment (Neilson and Brockman 1977).

QUANTIFICATION OF THE NUMBER PERCENTAGE

Several other techniques are used to count particles in a field, although the
resulting metric is not a number frequency and must therefore be treated differently.
These techniques include the Fleet Method and the Ribbon and Area Methods (Galehouse
1969). Using the Fleet Method, one would count all of the points within a field. The
Ribbon and Area Methods are variations of the Fleet Method, in which points within a
representative portion of the field are counted. In the Ribbon Method, two parallel lines
are drawn, either physically or digitally, and only points that fall entirely between the
lines are counted. Similarly, in the Area Method, a rectangle or square is applied to the
field and only points within the selected area are counted. The Fleet, Ribbon, and Area

Methods are similar in the sense that all points within the relevant counting region are
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equally weighted, without consideration for the size or dimensions of the particle
(Galehouse 1969). The resulting metric is called a ‘number percentage’ and it is a one-
dimensional quantification of the particles without consideration for the area attributable
to each particle. Although these methods provide a mathematically unbiased estimate of
the number of particles in a field, a number percentage cannot be used to calculate
volume or weight fractions without using image analysis to calculate the area attributable
to each type of particle (Galehouse 1969). In addition, these techniques are susceptible to
edge effects that could result from particles falling partially outside of the counting
region. Such edge effects are minimized by disqualifying any particles that are not
entirely within the counting region.

Despite the limitations of the number percentage, a version of the Fleet Method
was used to investigate lactose crystals in a South American dairy food known as Dulce
de Leche (Hough et al. 1990). In this study, a small quantity of Dulce de Leche was
weighed onto a glass slide and gently pressed into a nearly circular dispersion using a
cover slip. The area of the circle under the cover slip was calculated and 10 randomly
chosen fields were observed using PLM. The crystals in each field were counted in a
manner resembling the Fleet Method. The number of crystals on a weight basis in the
bulk material was calculated by multiplying the number crystals in each field by the ratio
of the area of the sample on the slide to the area of the microscopic field and dividing by
the weight of the sample on the slide. These values, calculated for each of the 10
randomly chosen fields, were averaged to obtain an estimate of the number of crystals on
a weight basis in the bulk material. The authors conceded that experimental error was
introduced because the number of crystal in each field varied depending on the location
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within the sample on the slide. This concession highlights the importance of randomly
selecting fields within a specimen so that the non-uniformity of particles within the
specimen does not influence the user’s selection of fields. To this end, SURS can be used
here as well for selecting the number and location of fields within a specimen

(Altunkaynak et al. 2012).

EFFECTIVE SAMPLING OF MATRICES CONTAINING CRYSTALS

SURS sampling is often used in the selection of cryomicrotome sections (Gardi et
al. 2008), with the frequency of sections determined beforehand while the first section
sampled is decided randomly. Although consecutive sectional profiles may be useful for
obtaining stereological data in sliceable biological samples, their use in samples
containing brittle crystals would be limited because the crystals would either shatter or
pop out of the section, unless the crystals were small or the microtome section
sufficiently thick. Therefore, investigation of matrices with large crystals would likely be
limited to a technique analogous to the method of Hough et al. (1990) in their study of
Dulce de Leche or the method of Johansson et al. (2008) in their study of mineral grains
mounted on glass slides. In any case, stereological serial section is probably not feasible
to anyone working with large brittle crystals and therefore one would be limited to
measuring particles in two dimensions. Some additional insight into the thickness of
mineral grains in a grain mount could be provided by using an optical dissector, wherein
different “sections” of a specimen are observed by light microscopy by varying the plane
of focus (Altunkaynak et al. 2012); however, it is unclear if this technique would be
sufficient to determine the thickness of grains and arrive at a correction factor for

volume. In one study, where some of the observed crystals were assumed to be equant,
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the volume correction factor used was the cube of the crystal diameter (Hunter 1967). In
that study, when somewhat irregular crystals were encountered, the cube of the shortest
visible diameter was used in the calculation of volume, with the assumption that the
grains would tend to lie on their flat surfaces. Hunter (1967) assumed that using the cube
of the small diameter for grains that were not equant would not introduce a large error for
most minerals, although for excessively platy crystals, this assumption would probably
not be valid.

Whether SURS is used on a series of thin sections, a single thin section, or a grain
mount, the selection of a sufficient number of fields to represent the specimen is required
in order to minimize the experimental error. The coefficient of error, which can be
estimated by dividing the standard deviation by the sample average (Altunkaynak et al.
2012), is an effective measurement of the error associated with the sampling frequency.
A high coefficient of error indicates that the frequency of sampling is insufficient
compared to the variability of the specimen. The number of samplings must be increased
until the coefficient of error is acceptably low. An acceptable coefficient of error is
typically 0.05 or less (Altunkaynak et al. 2012). If multiple subpopulations, such as
multiple types of crystals, are being measured, a similar calculation can be performed to
estimate the variability with respect to each subpopulation. In this case, the population
standard deviation is divided by the mean of each subpopulation. This calculation is
called the ‘coefficient of variation’ and is treated similarly to the coefficient of error. A
consideration of both of these calculations could help the user minimize systematic
deviations that could result from the heterogeneous nature of the population as a whole,
or heterogeneity between subpopulations. It is advisable that preliminary studies be
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conducted to determine if the amount of error in a given sampling scheme is acceptable
(Altunkaynak et al. 2012).

A sufficient quantity of particles overall must also be counted in order to
decrease the confidence interval and increase the reliability of the estimate (Johansson et
al. 2008). To this end, authors have used various strategies to ensure that the particles of
interest are counted in sufficient numbers. For instance, Ware (2003) substituted SEM for
PLM in order to effectively point-count small silt particles with image analysis. At the
other extreme, Johansson et al. (2008) used an innovative photographic set up involving a
camera on a track to capture images of entire slides, thereby maximizing the number of
crystals available for image analysis. Hunter (1967) stated that similar accuracy could be
obtained with point-counting, the Line Method, and the Ribbon Method if crystals were
similarly sized and packed closely on the microscope slide. Regardless of the strategy, it
is apparent that a sufficiently large population of particles must be measured in order to

achieve reliable results with image analysis.

ACCURATE IDENTIFICATION OF CRYSTALS AS A PREREQUISITE FOR QUANTITATIVE METHODS
Regardless of the imaging analysis technique in use, accurate identification of
crystals in the sample is fundamental to acquiring accurate measurements. This is
especially true in the case where multiple phases are present and where different
correction factors for volume or weight are used. Effective identification can either be
achieved through the use of stains such as the von Kossa, or by differentiating crystals
based on their optical properties (Johansson et al. 2008), which would avoid the
ambiguity of non-specific staining (Gardi et al. 2008). In order to use optical mineralogy

in image analysis one would need to be familiar with the optical properties of the crystals
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at various orientations, and this would necessitate preliminary work if such
crystallographic characterizations were not available.

Despite the nuanced complexity of the various imaging techniques, it is apparent
that PLM in combination with image analysis is a superior method for quantification of
crystalline particles. Even though relatively little quantitative research has been done in
Food Science using PLM, the availability of imaging techniques that have been
developed and perfected in other disciplines makes these powerful techniques readily
accessible to the Food Scientist. Further quantitative PLM work using the unique crystal-
bearing specimens found in some foods will undoubtedly provide new insights into the

application of PLM that will hopefully contribute to the discipline.
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ABSTRACT

Crystals in cheese may be considered defects or positive features, depending on
the variety and mode of production (industrial, artisanal). Powder X-ray diffractometry
(PXRD) offers a simple means to identify and resolve complex combinations of crystals
that contribute to cheese characteristics. For example, in studies of Parmigiano-Reggiano
and long-aged Gouda, PXRD has confirmed that hard (crunchy) crystals that form
abundantly within these cheeses consist of tyrosine. Furthermore, PXRD has tentatively
identified the presence of an unusual form of crystalline leucine in large (up to 6 mm
diameter) spherical entities, or “pearls”, that occur abundantly in two-year old
Parmigiano Reggiano and long aged Gouda cheeses, and on the surface of rindless hard

Italian-type cheese. Ongoing investigations into the nature of these “pearls” are providing
84


mailto:paul.kindstedt@uvm.edu

new insight into the roles that crystals play in the visual appearance and texture of long-
aged cheeses. Crystals also sometimes develop profusely in the eyes of long-aged Gouda,
which have been shown by PXRD to consist of tyrosine and the afore-mentioned
presumptive form of crystalline leucine. Finally, crystals have been shown by PXRD to
form in the smears of soft washed-rind cheeses. These crystals may be associated in some
cheeses with gritty mouth feel, and with zonal body softening that occurs during ripening.
Heightened interest in artisanal cheeses highlights the need to better understand crystals

and their contributions to cheese characteristics

Key words: X-ray Diffraction, crystals, cheese, tyrosine, leucine

INTRODUCTION

Crystals that form in cheese have been the subject of scientific inquiry for over a
century, and X-ray diffraction (XRD) has been marshaled as a direct analytical approach
to identify cheese crystals for almost as long, the earliest studies dating back to the
1930’s (Tuckey et al., 1938ab). Most XRD investigations of cheese crystals have been
restricted to Cheddar cheese and have focused primarily on calcium lactate pentahydrate
(CLP) crystals (Agarwal et al., 2006; Chou et al., 2003; Conchie et al., 1960; Dybing et
al., 1988; Harper et al., 1953; Tuckey et al., 1938,; Washam et al., 1985). A few studies
of Cheddar also identified the occurrence of crystals consisting of tyrosine (Conchie et
al., 1960; Harper et al., 1953; Shock et al., 1948), cysteine (Harper et al., 1953; Shock et
al., 1948), and calcium phosphate (Conchie and Sutherland, 1965). In the United States,

visible crystals are often viewed by the Cheddar industry as defects and sources of
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confusion for consumers (Johnson, 2014). Therefore, there has been considerable interest
to understand the factors that promote crystal formation and develop measures to prevent
their occurrence. In contrast, in some traditional cheeses such as Parmigiano-Reggiano
and hand-crafted artisanal cheeses, crystals are viewed as important contributors to
cheese character and quality (Noél et al., 1996; Zannoni et al., 1994). Growing consumer
appreciation of traditional and artisanal cheeses is also fueling interest in understanding
the nature and origins of crystals and their contributions to cheese quality and character.
Studies of crystals in cheeses other than Cheddar, such as tyrosine crystals in
Roquefort (Dox, 1911), CLP, calcium phosphate and tyrosine crystals in Grana cheeses
(Bottazzi et al., 1982; Bottazzi et al., 1994), calcium phosphate crystals in soft white
mold surface-ripened (bloomy rind) cheeses (Boutrou et al., 1999; Brooker, 1987;
Gaucheron et al., 1999; Karahadian and Lindsay, 1987), and CLP and calcium phosphate
crystals in Serra cheese (Parker et al., 1998), have generally employed indirect methods
such as chemical analyses or microscopy coupled with differential staining and X-ray
microanalysis to identify presumed crystalline species. Although indirect approaches may
provide useful presumptive identification of crystalline species, only XRD can furnish
direct and definitive results because the XRD pattern of a specific crystal is determined
by its three-dimensional atomic arrangement, which is unique to that crystal and thus
analogous to a fingerprint. Consequently, the XRD pattern of an unknown species can be
compared to those of known crystals; a perfect match with one of the known patterns
provides definitive identification. Today, a growing database of over 250,000 known

XRD patterns is accessible through the International Centre for Diffraction Data (ICDD).
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Powder X-ray diffractometry (PXRD), which utilizes crystalline specimens that
ideally have been pulverized to a fine powder, is a versatile and user-friendly application
of XRD. Major enhancements in the computing power of PXRD instrumentation, and
advances in the software algorithms for data analysis, have opened up new opportunities
for the study of cheese crystals. For example, the authors recently demonstrated that the
two different enantiomeric forms of CLP that were presumed to occur in Cheddar cheese
(i.e., the L(+) and D(-)/L(+) forms) can be identified and differentiated using PXRD,
based on subtle differences in the XRD patterns of the two enantiomeric configurations
(Tansman et al., 2014). The application of PXRD to study crystals in Cheddar and other
cheese varieties could offer new insights into the factors that govern crystallization
phenomena in cheese and the roles that crystals play in determining cheese character and
quality. Therefore, the objective of the present research was to demonstrate the
application of PXRD to study crystals from a range of different cheese types, specifically

Cheddar, Parmigiano-Reggiano, Gouda and soft washed-rind (smear ripened) cheeses.

MATERIALS AND METHODS

CHEESE SAMPLES AND CRYSTAL COLLECTION

All cheese samples were commercially produced and purchased from local retail
outlets, and crystals were harvested for analysis as described below, except for Cheddar
cheese and a hard Italian-style cheese. In the case of Cheddar, the manufacturer harvested

large (up to ca. 5 mm) internal crystals from the body of a Cheddar cheese sample (aged
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2 y before sale) and delivered the crystals to the University of Vermont for identification
after the manufacturer received a consumer complaint about unknown objects in their
cheese. Crystals from a hard Italian-style cheese (obtained courtesy of Mark Johnson,
Center for Dairy Research, University of Wisconsin) were scraped from the cheese
surface using a spatula. Small (ca. 1-2 mm) dense crystals embedded in the body of
Parmigiano-Reggiano cheese samples (aged 2 y) and Gouda cheese samples (aged 2 y)
were physically excised from the surrounding cheese matrix using a dissecting needle and
tweezers. The isolated crystals were brushed free of adhering cheese matrix. Parmigiano-
Reggiano samples also contained white spherical entities that ranged from barely visible
to around 6 mm in diameter, which will be referred to as “pearls” in this publication.
Pearls were separated from the surrounding cheese matrix by slicing the sample with a
wire cutter into 1 cm sections and gently applying pressure to the cheese surrounding the
pearl using thumb and index finger. Gentle pressure caused the surrounding matrix to
fracture and separate from the pearls, enabling the pearls to be isolated and brushed free
of adhering cheese matrix. Similar pearls, though smaller in size distribution, also were
harvested from the Gouda samples. Gouda samples also displayed extensive crystal
formation along the surfaces of internal eyes. Crystals were scraped free from the
surfaces of eyes using a spatula. The six soft washed-rind (smear ripened) cheeses that
were examined in this study were produced by different companies, four located in the

United States and two in Italy.

ANALYTICAL METHODS
Pearls collected from Parmigiano-Reggiano samples were evaluated for size

distribution by placing them on a vibrating stack of 4 sieves of successively smaller mesh
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TABLE 1. DATA COLLECTION AND STRUCTURE REFINEMENT DETAILS FOR

IKAITE AND STRUVITE

Ikaite

Struvite

Space group
Unit cell dimensions

Volume
z

Density (calculated)

Theta range for data
collection

Index ranges

Reflections collected

Independent reflections
Coverage of
independent reflections
Absorption correction
Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized
Data / restraints /
parameters
Goodness-of-fit on F2

Final R indices

Weighting scheme

Largest diff. peaks

C2lc

a =8.8407(16) A
b = 8.3333(15) A
c=11.072(2) A
763.1(2) A3

2

1.812 Mg/cm?

3.47 t0 30.00°

-12<h <=10
-l1<=k<=11

-11<= L <=15

3798

1108 [R(int) = 0.0122]

98.70%

B=110.683(3)°

multi-scan

direct methods

SHELXS-97 (Sheldrick, 2008)

Full-matrix least-squares on F?
SHELXL-97 (Sheldrick, 2008)
2 W(FOZ - FCZ)Z

1108/0/78
1.182
| R1 = 0.0157,
1074 data; >26() | o5 — ' 0423
R1 =0.0164,
all data WR2 = 0.0426

w=1/[0%(Fo2)+(0.0198P)2+0.2335P]
where P=(Fy>+2F?)/3
0.265 and -0.179 eA3

Pmn2;
a=6.9411(7) A
b = 6.1323(6) A
c=11.2048 A
476.93(8) A3

2

1.709 Mg/cm3

3.32 t0 29.99°

-O< h<=9

-8<=k <=8

-15<= ¢ <=15

8593

1491 [R(int) = 0.0429]
100.00%

multi-scan

direct methods

SHELXS-97 (Sheldrick, 2008)

Full-matrix least-squares on F2
SHELXL-97 (Sheldrick, 2008)
> W(F02 - FCZ)Z

1491/ 1/108
1.02
' R1 =0.0250,
1327 data; >20(l) | oo ' 9537
R1 =0.0338,
all data wR2 = 0.0569

w=1/[6%(Fo?)+(0.0320P)2+0.0000P]
where P=(Fq>+2F:2)/3
0.232 and -0.286 eA3
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TABLE 2. ATOMIC COORDINATES AND EQUIVALENT ISOTROPIC ATOMIC
DISPLACEMENT PARAMETERS (A% FOR IKAITE. U(EQ) IS DEFINED AS ONE

THIRD OF THE TRACE OF THE ORTHOGONALIZED Uiy TENSOR

Atom x/a y/b zlc U(eq)

Ca 1/2 0.64714(2) 1/4 0.01516(8)
C 1/2 0.30567(12) 1/4 0.01695(19)
01 1/2 0.15237(10) 1/4 0.0293(2)
02 0.52639(7) 0.38534(7) 0.15943(6) 0.02078(13)

OW1  061282(8)  0.72232(8)  0.09065(6)  0.02612(14)
OW2  0.78709(8)  0.55874(8)  0.38343(6)  0.02340(14)
OW3  0.67063(8)  0.88549(7)  0.35805(6)  0.02107(13)
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TABLE 3. ATOMIC COORDINATES AND EQUIVALENT ISOTROPIC ATOMIC
DISPLACEMENT PARAMETERS (A2 FOR STRUVITE. U(EQ) IS DEFINED AS

ONE THIRD OF THE TRACE OF THE ORTHOGONALIZED Uiy TENSOR

Atom x/a y/b zlc U(eq)

P 0 0.00637(8) 0.96006(5) 0.01576(12)
Mg O 0.62367(11)  0.33200(7) 0.0174(2)
O1  0.81808(14) 0.88627(17) 0.00218(11) 0.0225(2)
02 0 0.2375(2) 0.01382(15)  0.0234(3)
03 0 0.0225(2) 0.82270(15)  0.0233(3)
O4  0.78190(18) 0.7381(2) 0.22219(11)  0.0278(3)
o5 0 0.3173(3) 0.24626(19)  0.0382(5)
06  0.78865(18) 0.5147(2) 0.44528(14)  0.0331(3)
o7 0 0.9213(3) 0.4253(2) 0.0411(6)
N 0 0.6350(5) 0.6931(2) 0.0336(5)

143



TABLE 4: ATOMIC DISTANCES AND BOND VALENCES (VU) FOR IKAITE

Ca- Distance vu C- Distance vu
ow1l 2.3965(7) 0.31 01 1.2775(13) 1.36
owr’ 2.3965(7) 0.31 02 1.2908(8) 1.31
02 2.4464(7) 0.27 02’ 1.2908(8) 1.31
02’ 2.4464(7) 0.27 Mean, Sum 1.286 3.98
ow3 2.5253(7) 0.22

ow3’ 2.5253(7) 0.22

owz2 2.5531(7) 0.21

ow2’ 2.5531(7) 0.21

Mean, Sum 2.480 2.02
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TABLE 5: ATOMIC DISTANCES AND BOND VALENCES (VU) FOR STRUVITE

Mg - Distance vu P- Distance vu
06 2.0519(14) 0.38 03 1.5422(16) 1.18
06’ 2.0519(14) 0.38 02 1.5403(15) 1.19
04 2.0732(13) 0.36 0O1 1.5361(11) 1.20
o4’ 2.0731(13) 0.36 or’ 1.5361(10) 1.20
o7 2.103(2) 0.33 Mean, Sum  1.539 4.77
05 2.110(2) 0.32

Mean, Sum 2.077 2.13
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FiG. 1: Structure of ikaite projected down ~[101], b-axis horizontal, depicting the
CaCOs:6H20 unit. Atom colors are as follows: calcium (blue), carbon (black), oxygen
(grey), and hydrogen (red). Hydrogen bonds are oxygen-acceptor distances < 3.2A.
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FIG 2: Structure of struvite projected down [010], a-axis horizontal, depicting hydrogen
bonding between layers. Atom colors are as follows: magnesium (white), oxygen (grey),
nitrogen (sky blue), phosphorus (orange), and hydrogen (red). Hydrogen bonds are
oxygen-acceptor distances < 3.2A.
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FiG. 3: Structure of ikaite projected down [010], a-axis horizontal, depicting hydrogen
bonding between layers. Atom colors are as follows: calcium (blue), carbon (black),
oxygen (grey), and hydrogen (red). Hydrogen bonds are oxygen-acceptor distances <

3.2A.
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CHAPTER 4: CRYSTALLIZATION AND DEMINERALIZATION

PHENOMENA IN STABILIZED WHITE MOLD CHEESE

INTERPRETIVE SUMMARY
Although extensive work has investigated the impact of crystallization on traditional
white mold cheeses, this research has not been applied to stabilized varieties. This report
documents a crystallization phenomenon in the rind of stabilized white mold cheese and
links this phenomenon to the accumulation of mineral elements in the rind and concurrent
withdrawal of mineral elements from the center of the cheese. Given the importance of
mineral elements in cheese structure development, this study provides insights about
stabilized ripening processes and indicates an important homology between traditional

and stabilized white mold cheeses.

CRYSTALS IN STABILZED WHITE MOLD CHEESE

Crystallization and demineralization phenomena in

stabilized white mold cheese

Gil F. Tansman,* Paul S. Kindstedt,* and John M. Hughes+
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ABSTRACT

Stabilized white mold cheese is a commercially important variant of traditional
white mold cheese (sometimes called bloomy rind cheese) that has an extended shelf life
compared to the traditional permutation. The objectives of this observational study were
to document mineral element movements and the development of a pH gradient in
stabilized white mold cheese, and to use novel crystallographic techniques to identify
crystals that form in the rind of this cheese. Cheeses from three separate batches were
collected from a commercial supplier at Days 1, 4, 10, 14, and 18 days of aging and
analyzed in a randomized block design. Samples from the center and rind of each cheese
were analyzed for calcium, magnesium, phosphorus, sodium, and moisture content. The
effect of location within the cheese wheel was significant for all effects, whereas the
effect of aging time was significant for all effects except sodium content. The interaction
between location within the cheese and aging time was significant for all effects. Using
powder X-ray diffractometry, the crystals that formed in the rind during aging were
identified as brushite (CaHPO4+2H20). The accumulation of mineral elements in the rind
resulted in a substantial decrease in calcium, magnesium, and phosphorus in the center.

After 18 days, calcium, magnesium, and phosphorus in the center had decreased by
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26.4%, 14.8%, and 12.1%, respectively, compared to the first day of aging. The
observations in the present study represent the first definitive identification of crystals in
the rind of a white mold cheese. The use of novel crystallographic techniques in the
present study lays the groundwork for the use of this technology in future investigations

of mineral element diffusion phenomena in surface ripened cheese.

Key Words: crystal, brushite, stabilized, white mold cheese

INTRODUCTION

Texture development in traditional soft, surface ripened, white mold cheese is a
complex process that involves biological and chemical factors. During aging, these
cheeses develop radially, from the rind to the center, from an acidic chalky curd to a soft,
viscous semisolid. An intricate framework that describes the mechanism of curd
softening has developed over the past four decades. This framework involves several
interconnected factors that affect casein solubilization and hydration. The three main
processes that lead to cheese softening are elevated pH, demineralization of calcium, and
proteolysis (Lucey and Fox 1993).

Some proteolytic activity can be attributed to proteases released by the surface
mold; however, these proteases have limited mobility in the cheese and are only
significant near the surface (Noomen 1983). Proteolytic activity in the body of surface
ripened cheese has been attributed to plasmin and residual rennet (Karahadian and
Lindsay 1987), which, on account of their distribution throughout the cheese, cannot

explain the radial ripening pattern that is characteristic of this class of cheese.
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A surface-to-center pH gradient that develops as a result of surface mold activity
is closely linked to the radial development of texture in surface ripened cheese (Vassal et
al. 1986). The surface mold consumes lactic acid as an energy and carbon source, and in
doing so raises the pH of the curd; the mold also metabolizes the cheese proteins near the
surface as a nitrogen source and releases ammonia, which also contributes to
alkalinization (Amrane and Prigent 2008). In general, at a pH close to 4.6, the isoelectric
point of casein, cheese texture is short and casein proteins are compact (Lawrence et al.
1987). Fresh traditional white mold cheese is acidic, crumbly, and lacks the viscous
texture of fully ripened white mold cheese. As the pH rises, on account of the surface
mold’s activity, the texture softens and becomes semisolid (Noomen 1983). The change
in texture, however, is confounded by the amount of calcium in the curd and a pH-
dependent ion diffusion phenomenon (Le Graet and Brule 1988).

In traditional white mold cheese, minerals diffuse from the body of the cheese and
collect in an unknown form under the rind (Brooker 1987; Le Graet et al. 1983). This
diffusion mechanism is technologically important because as aging progresses, the
amount of calcium phosphate in the center of the curd diminishes (Le Graet and Brule
1988). Calcium phosphate removal is important for the development of white mold
cheese texture because at diminished calcium phosphate concentrations, the swelling of
cheese proteins increases (Lucey and Fox 1993). lon diffusion occurs because crystals
precipitate in the rind at high pH, which causes a reduction in the local solubility of
mineral elements. As a result, ions diffuse from the center of the cheese, where the

solubility is higher, toward the rind where they are deposited into the crystals as the
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crystals nucleate and grow (Gaucheron et al. 1999; Le Graet and Brule 1988; Le Graet et
al. 1983).

Ratios of calcium-to-phosphorus in the cheese rind have repeatedly been used to
investigate the mechanism of ion diffusion (Amrane and Prigent 2008; Boutrou et al.
1999; Brooker 1987; Gaucheron et al. 1999; Le Graet et al. 1983; Metche and Fanni
1978). These measurements have generated values ranging from 0.86 (Boutrou et al.
1999) to 2 (Gaucheron et al. 1999), which suggests that crystal phases with various
stoichiometries may form in the rinds of different cheeses. Authors have attributed their
calcium-to-phosphorus ratios to different crystal phases including dicalcic phosphate
(Amrane and Prigent 2008), hydroxylapatite (Amrane and Prigent 2008), tricalcic
phosphate (Boutrou et al. 1999; Gaucheron et al. 1999; Le Graet et al. 1983), and
magnesium phosphate (Boutrou et al. 1999). It is possible that all of these phases form in
different cheeses or at different stages of ripening as a result of varying levels of
alkalinity, but it is impossible to make a definitive conclusion without having used a
crystallographic technique. Several authors have acknowledged the speculative nature of
using the calcium-to-phosphorus ratio, suggesting that conclusive identification of the
crystal phases with other techniques, such as X-ray diffraction, would be beneficial
(Amrane and Prigent 2008; Boutrou et al. 1999; Gaucheron et al. 1999).

In the present study, a stabilized-style variant of white mold cheeses was used as
the experimental subject. This cheese is similar to traditional Camembert-style cheeses
investigated by many of the aforementioned investigators but has some important
differences. Stabilized white mold cheese has a higher initial pH (Lawrence et al. 1987),

which results in a much higher level of mineral element retention in the fresh curd. Due
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to the very different initial pH and mineral element content, we propose that a detailed
characterization of this type of cheese would be an interesting addition to the literature.
Preliminary observation in our laboratory noted that a limited but non-trivial pH gradient
develops in this cheese, which raised the possibility that crystallization and
demineralization could be factors in the ripening of stabilized white mold cheese.

The primary goal of the present study is to determine the extent of the pH gradient
that develops in a stabilized white mold cheese and to determine if this gradient results in
crystallization and demineralization phenomena, as it does in traditional white mold
cheese. Novel techniques were employed to observe the onset of crystallization and to
identify the crystal phases in the rind in order to illuminate the chemical conditions that

facilitate crystallization and mineral diffusion.

MATERIALS AND METHODS

CHEESE MANUFACTURE

Cheeses were obtained from The Cellars at Jasper Hill (Greensboro, VT, herein
referred to as The Cellars). The general recipe for this variety is as follows: Cheeses are
manufactured from non-standardized pasteurized milk produced at Jasper Hill Farm using
a stabilized procedure approximately similar to that described in Kosikowski and Mistry
(1997). The milk is inoculated with cultures that are proprietary and therefore the specific
cultures are not included in this description. The vat is drained at pH 6.1 and molded into
wheels with a 7.5 cm diameter and 3 cm height. The wheels are demolded at a pH of 5.15
and dry salted to a target salt-in-moisture of 2.4% to 2.6%. Final cheese moisture on Day

0 is 50% to 52%. Wheels are kept on wire racks in a pre-aging room at 16°C for three
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days and then transferred to an atmospherically-controlled aging vault with temperatures

ranging from 11°C to 12°C and a relative humidity of 94% to 96%.

CHEESE SAMPLING

Cheeses were sampled on Days 1, 4, 7, 10, 14, and 18. This sampling schedule
was selected because it resembled the sampling schedule of Le Graet et al. (1983),
although it was offset by one day because in the present study cheeses were not available
for sampling on Day 0, which was the day of manufacture. The cheeses were wrapped in
cheese paper and transported to the Department of Nutrition and Food Sciences at the
University of Vermont in an insulated cooler with ice packs. Two wheels were collected
from The Cellars on Days 1, 4, 7, and 10. Four wheels were collected on Day 14, which
was the last day of cave-aging and the first day of packaging and cold storage. Two of the
wheels collected on Day 14 were used for analysis on Day 14 and the additional two
wheels were stored in an incubator at 4.5°C until Day 18, thereby simulating the cold
storage conditions used in the manufacturing facility. The entire experiment was
replicated three times using three different batches of cheese produced on different days

one week apart.

CHEESE PREPARATION FOR MINERAL ANALYSIS

An illustration of the sampling scheme is found in Figure 1 and is described as
follows: The cheeses were precisely segmented with a wire cutter to remove a 2 cm-wide
section along the diameter of the cheese. The center portion was laterally bisected to

yield two pieces of cheese with dimensions measuring roughly 7.5 cm x 2 cm x 3 cm (L x
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W x H). The remainder of the wheel was set aside for pH analysis, microscopic
observation, and powder X-ray diffractometry (PXRD). A small wire cutter was used to
remove approximately 3 mm from each end of one of the 7.5 cm x 2 cm x 3 cm cheese
portions and the 3 mm thick samples were trimmed to 1 cm in height so as to leave only
the middle portion of the sample. This sampling procedure yielded two samples with
dimensions measuring 20 mm x 10 mm x 3 mm; one sample represented the approximate
center of the wheel the other represented a composite sample of the fungal rind and
underlying cheese from the outer rim of the wheel. Center and rind samples were placed
in pre-weighed ceramic drying dishes and weighed. The dishes were then placed in a
draft oven at 100°C for 12 hours, which was found to dry the samples to a constant
weight.

The dried samples were removed from the oven, cooled for several minutes and
reweighed to calculate the percent moisture. The dishes were then placed in a muffle
furnace at 600°C for 12 hours to completely vaporize the organic material until all that
remained was a small mass of acid-soluble inorganic material. Several milliliters of
deionized water and 0.5 mL of reagent grade concentrated sulfuric acid (Fisher Scientific,
Pittsburgh, PA) were added to the dishes. The dishes were heated on a laboratory stove to
completely dissolve the material, and the solutions were quantitatively transferred to 50

mL volumetric flasks, cooled to room temperature, and brought up to volume.

MINERAL ANALYSIS
Aliquots of the dissolved ash were analyzed for calcium, magnesium,

phosphorus, and sodium by ICP-OES (Optima 3000DV, Perkin Elmer Corp, Norwalk,

156



CT, USA). Calibration standards were prepared according to instrument manufacturer's
suggested guidelines, to cover the range of concentrations in the sample set. Four-point
calibrations (plus a Calibration Blank) were used for ICP analysis. Continuing calibration
verification samples, prepared from an independent source, were used to check the
calibration periodically. Concentrations of minerals were calculated on a cheese dry-

weight basis.

PH MEASUREMENTS

A segment of cheese, left over from the sectioning of the wheel, was used in the
measurement of pH at the rind and at the approximate center. A spear-tip pH electrode
(Thomas Scientific, Swedesboro, NJ) was used for these measurements. The probe was
inserted as close to the surface of the rind as possible without breaking through the rind
and a reading was taken at the approximate center of the wheel. Readings were allowed

to stabilize for one minute before recording.

MICROSCOPY AND POWDER X-RAY DIFFRACTION

Samples were collected from the leftover cheese for microscopic observation
and PXRD. Samples were removed from the approximate center and from the top 3 mm
of the cheese with a metal spatula. The samples were smeared to nearly translucent
thickness on a glass microscope slide using a metal spatula. Micrographs were captured
using a Nikon E200POL petrographic microscope with a rotating stage (Nikon

Corporation, Tokyo, Japan) and a SPOT Idea 1.3 Mp color camera (SPOT Imaging
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Solutions, Sterling Heights, MI). When the polarizers were crossed, particles that were
illuminated and displayed uniform extinction were identified as crystals.

For PXRD analysis, cheese samples from the approximate center and rind were
loaded onto glass diffraction slides and data were collected on a MiniFlex Il powder X-
Ray diffractometer (Rigaku, The Woodlands, TX) according to the method that we
previously employed to investigate calcium lactate on Cheddar (Tansman et al. 2014).
The method in the present experiment was similar except that the samples were not dried
and defatted with acetone. Diffractograms were generated at a speed of 2°260/minute
between 5°260 and 50°260.

Due to the large amorphous hump that resulted from the non-crystalline mass of
the samples in the present study, the software had difficulty differentiating the
background from diffraction peaks because it could not accurately identify the
background pattern. However, we established that the pattern generated from Day 1
samples (before any crystals had formed) was apparent in diffractograms throughout the
sampling timeframe and thus served as the universal background pattern. Peaks that
emerged from the characteristic amorphous pattern in diffractograms collected after Day
1 were manually identified as diffraction peaks. This method was beyond the capabilities
of the automated functions in the software and may reflect the fact that typical diffraction
samples, such as geological specimens, rarely contain as high a mass fraction of non-
crystalline material as the samples in the present study.

To initially find a matching reference diffraction pattern, a literature search was
conducted to compile a list of crystal phases that have been mentioned in the cheese

literature. These phases included crystals that had been directly observed in cheeses such
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as Cheddar and Gouda, as well as phases that were mentioned in the literature as possible
candidates for the identity of crystals in the rind of white mold cheese. Reference
diffraction patterns from the International Center for Diffraction Data (ICDD) database
that corresponded to the phases on the list were compared to diffraction patterns from
Day 18 diffractograms and eliminated from the list if any of the main peaks in the
reference pattern were missing from the experimental diffractograms. Once a good match
was found, the reference pattern for the selected phase was compared to each
experimental diffractogram to determine if the reference pattern accounted for all the
diffraction peaks that appeared above the characteristic Day 1 background pattern, with
the absence of additional peaks indicating that the reference pattern was the only pattern

in the experimental diffractogram, within the sensitivity of the instrument.

STATISTICAL ANALYSIS

The experiment was conducted as a three-factor randomized block design with
batches representing blocks and seven sampling points per batch. Data for pH, selected
mineral elements on a dry weight basis, moisture content, and salt-in-moisture were

analyzed in the statistical package JMP Pro 12.0.0 (SAS Institute Inc., Cary, NC).

RESULTS
Summary statistics for pH, selected mineral elements on a dry weight basis,
moisture content, and salt-in-moisture are presented in Table 1. The summary data in
Table 1 demonstrate that all main and interaction effects measured for pH, calcium,

phosphorus, magnesium, and moisture content were significant. ‘Batch’ and ‘Day of
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Aging’ effects were not significant for sodium and salt-in-moisture, although ‘Sampling
Location’ and the interaction between ‘Sampling Location’ and ‘Day of Aging’ were.
Notably, the interaction between ‘Day of Aging’ and ‘Sampling Location’ was highly
significant for all variables.

Graphical representation of pH development during aging (Figure 2) demonstrates
that as aging progressed, the pH of the rind and center, having been nearly identical at
Day 1, diverged so that by Day 18 the pH of the rind was approximately 0.7 pH units
higher than the center. Most of this change was due to increased rind pH, although there
was also a non-trivial decrease in center pH. Rind pH did not rise until Day 10, and even
decreased slightly, along with the center pH, until Day 7.

The elevated rind pH after Day 7 was accompanied by increased concentrations of
calcium (Figure 3), phosphorus (Figure 4), and magnesium (Figure 5) in the rind.
Increases in rind pH, rind calcium, rind phosphorus, and rind magnesium were closely
correlated according to the correlation coefficients for those variables (Table 2), with the
largest increases of all four variables occurring between Days 7 and 14. As calcium,
phosphorus, and magnesium accumulated in the rind, the concentration of these elements
in the center concurrently diminished.

The concentrations of sodium in the rind and center were also recorded over the
aging timeframe (Figure 6), but appeared to be independent of changes in rind pH, in
contrast to the other mineral elements. On a dry weight basis, the concentrations of
sodium in the center and rind appeared to converge by the end of the experimental
timeframe. The changes in sodium content in the center and rind represent the inward

diffusion of salt, which is applied to the surface of new cheese wheels after demolding.
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Salt-in-moisture (data not shown) appeared to develop very similarly to sodium on a dry
weight basis, although the salt-in-moisture content of the center and rind did not fully
converge by the end of the experiment. Nonetheless, the mean salt-in-moisture of the
center by Day 18 was 2.49, which is within the target salt-in-moisture as reported by The
Cellars.

Moisture contents of the center and rind diverged over the course of aging with
the moisture content at the center remaining fairly stable and the moisture content of the
rind diminishing by several percent by the end of the observation period (Figure 7). The
decreased moisture content in the rind was likely a result of evaporative moisture loss,
which appeared to be a localized effect that did not affect the moisture content in the
center.

Diffractograms of rind samples from Days 1 (Figure 8A) and 4 (data not shown)
did not show any evidence of crystal growth, but consistently displayed a characteristic
amorphous spectrum that was interpreted as the baseline for the cheese matrix, as
described in the Materials and Methods. Diffractograms from center samples throughout
the experiment displayed the characteristic background spectrum, devoid of any evidence
of crystal growth (data not shown). All diffractograms of rind samples starting on Day 10
showed evidence of crystal growth (Figure 8B) in the form of distinct peaks along the
background spectrum; these diffractograms displayed the same set of peaks with roughly
the same relative intensity between peaks. Some of the Day 7 rind diffractograms
displayed peaks, although the peaks were exceedingly small and only peaks at
approximately 12°20 and 30°26, corresponding to the largest peaks in rind diffractograms

from Day 10 and onward could be distinguished from the background (data not shown).
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When rind diffractograms displaying peaks were compared with known
diffraction patterns from the ICDD database, the peaks matched the reference pattern for
brushite (CaHPO4+2H20, ICDD card # 01-075-4365), which is represented by the vertical
bars in Figure 8B and C. Figures of merit (FOM), which are values produced by PDXL
to determine the degree of fit of a reference card to a diffractogram, are presented with
Day 10 and Day 18 diffractograms in Figure 8 to indicate the degree of fit. As
demonstrated in our work with calcium lactate enantiomeric variants (Tansman et al.
2014), a FOM of 1 or less indicates a very good fit. In the present experiment, Day 10
rind diffractograms generally had FOM around 1 when fitted to ICDD card # 01-075-
4365. By Day 18, rind diffractograms fitted to the same reference card had FOM well
below 1 indicating that brushite was a very good fit.

Diffractograms of rind samples from Days 14 and 18 showed progressively larger
brushite peaks (Figure 8C), which can be interpreted as an increase in the quantity of
brushite in the samples. The increased intensity of diffraction peaks above the baseline
probably contributed to the reduced FOM as aging progressed. None of the
diffractograms displayed peaks other than those attributable to brushite or to the
characteristic background spectrum, indicating that within the sensitivity of the
instrument, no other crystal phases were present throughout the experiment.

Microscopy imaging revealed crystals of varying sizes with larger crystals
tending to appear later in aging. Crystals around 5 um in size were observed in all rind
samples starting on Day 10 (Figure 9A), with slightly larger crystals observed in the rind
by Day 14 (Figure 9B) and crystals up to 20 um observed in the rind by Day 18 (Figure

9C).
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DiscussION

EXTENT OF PH GRADIENT DEVELOPMENT

By the end of the 18-day observation period, a pH gradient of approximately 0.7
pH units had developed between the center and rind of the wheel. The gradient began to
appear after Day 10 and was a result of a pH increase at the rind as well as a pH decrease
at the center. The decreased pH at the center was likely caused by continued fermentation
of residual lactose by the starter cultures, which can happen at the center while salt levels
are low (Lawrence et al. 1987) and until the salt has diffused sufficiently from the surface
to the center.

From Day 7 to Day 18 the pH at the rind steadily increased, with the greatest
increase occurring between Day 7 and Day 14. The increase was likely caused by the
fungal consumption of lactic acid and production of ammonia (Amrane and Prigent
2008), although neither of these parameters were measured in the present study. The
decreased rate of alkalinization between Day 14 and Day 18 likely reflects the typical
decrease in metabolic activity that accompanies a decrease in temperature, as the cheeses
were placed in cold storage on Day 14.

Compared to the observations of previous investigators (Karahadian and
Lindsay 1987; Le Graet and Brule 1988; Le Graet et al. 1983), who used traditional
Camembert or Brie as their subjects, the pH gradient that developed in the present study
was quite modest. The aforementioned authors observed pH gradients that ranged from
approximately 4.6 at the center to approximately 7 at the rind over the same aging period

as the present study. In contrast, the stabilized technology of the cheese used in the
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present study appears to retard rind alkalinization. This could be related to the higher
buffering capacity associated with greater calcium and phosphate retention in curd at
elevated pH (Lucey and Fox 1993), or could be related to factors that limit lactic acid
consumption or ammonia production. Further investigation, including measurement of
lactic acid and ammonia concentrations in the rind of stabilized cheese during aging,
would be needed to elucidate the factors that control rind pH in this variety and in other

stabilized white mold cheeses.

MOISTURE DEVELOPMENT DURING AGING

The observed retention of moisture at the cheese center in the present study
contrasts with the work of Leclercg-Perlat et al. (2012) who observed that the center of
traditional Camembert-type cheese lost moisture over approximately the same timeframe
as the present study. Those findings confirmed the observations of Le Graet et al. (1983)
who noted an increase in dry matter content at the center of traditional Camembert during
aging. It should be noted that the stabilized-style cheese in the present study had a
considerably lower initial moisture content than the traditional white mold cheeses used
in the aforementioned studies. Differences in the humidity and airflow in the ripening
chamber are known to affect the rate of moisture loss (Leclercg-Perlat et al. 2012), and it
is likely that curd characteristics, as well as cheese dimensions, influence moisture
retention as well. Further studies on stabilized white mold cheese would be needed to
determine if this moisture pattern is characteristic of stabilized white mold cheese or is an

artifact of the sampling methods.
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SIGNIFICANCE OF BRUSHITE CRYSTALLIZATION

Brushite solubility is influenced by pH, and under acidic conditions it is quite
soluble; however, as the pH tends towards neutrality the solubility of brushite decreases
by several degrees of magnitude (Johnsson and Nancollas 1992). Under moderately
acidic conditions, brushite is the least soluble calcium phosphate phase, but as the pH
increases other calcium phosphate phases, such as hydroxylapatite, eventually become
less soluble than brushite (Ferreira et al. 2003). Over the pH environment that may be
found in both stabilized and traditional white mold cheeses (roughly 4.6 to 7), brushite is
less thermodynamically stable than hydroxylapatite, tricalcium phosphate, and
octacalcium phosphate, although kinetic factors may result in the preferential formation
of brushite (Johnsson and Nancollas 1992). Thus, even though brushite is not the most
thermodynamically stable calcium phosphate phase, the appearance of brushite in the
present study at a pH between 5.3 and 5.6 is not precluded.

As stated previously, the pH of the rinds of traditional Camembert-style cheeses
that were investigated by other workers climbed to around 7. At this pH the solubilities of
other calcium phosphates are much lower than that of brushite (Johnsson and Nancollas
1992) and the possibility of other calcium phosphate phases crystalizing in the rind is
likewise increased. Thus, the elevated ratios of calcium-to-phosphorus that were found by
other investigators could reflect phase transitions that can occur at elevated pH. Using
electron microscopy, Brooker (1987) described two distinct morphologies of crystals in
the rind of Coulomnier cheese, and these could potentially represent two co-occurring

calcium phosphate phases. Therefore, it may be fruitful to apply PXRD to the study of
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traditional white mold cheeses to determine if phases other than brushite appear as a
function of elevated rind pH.

In the present study, the molar increases in calcium and phosphorus in the rind,
corrected for the initial quantities of those elements on Day 1, were not statistically
different throughout aging (P = 0.048), which conforms to the one-to-one molar ratio of
calcium-to-phosphorus in brushite. However, these data alone would not necessarily lead
to the conclusion that the crystal phase in the present study was brushite. Several calcium
phosphate phases contain stoichiometric equivalents of calcium and phosphorus, and thus
any of these phases could account for the observed accumulation of calcium and
phosphate in the rind. Similarly, based on their elemental analysis of a model cheese
system containing crystals, Amrane and Prigent (2008) proposed that the crystals were
dicalcic phosphate, which is a term that encompasses several crystal phases containing
the unit CaHPOu4, including brushite. In this case, as well as in the present study, the
particular crystal phase could not be precisely determined from elemental analyses alone.

In the present study, when the uncorrected molar quantities of calcium and
phosphorus were compared, there was a statistically significant (P < 0 .0001) excess of
calcium in the rind throughout aging. In the absence of a crystallographic technique, the
uncorrected data could have led one to believe that a crystal phase or several different
crystal phases containing a higher proportion of calcium-to-phosphorus were present. It
should be noted that the data in the present study cannot explain the excess of calcium in
the rind. Nonetheless, these data may be used to demonstrate the potential pitfalls of

using elemental analysis to indirectly identify crystal phases in cheese rinds.
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ACCUMULATION OF MINERAL ELEMENTS IN THE RIND

Starting on Day 10 there was a steady accumulation of calcium, phosphorus, and
magnesium in the rind that tapered off between Day 14 and Day 18. This closely
correlated with the degree of increase in rind pH during the same period of aging (Table
2), which suggests a link between the rate of pH elevation and the rate of brushite
crystallization. The latter point seems to imply that brushite in the present study was only
slightly supersaturated at the range of rind pH’s because as the increase in rind pH
slowed so did the rate of calcium, phosphorus, and magnesium accumulation in the rind.

Calcium and phosphorus accumulation could be easily attributed to brushite,
which contains both elements in its chemical formula (CaHPO4+2H20). Even though the
chemical formula does not include magnesium, elemental analysis indicated that
magnesium accumulated in the rind as well. The mass of magnesium that deposited in the
rind was very small compared to calcium and almost certainly deposited in calcium sites
in the brushite lattice. Magnesium and calcium are both alkaline earth elements, and due
to magnesium’s smaller atomic radius, magnesium may substitute for calcium in the
brushite crystal lattice (Lee and Kumta 2010). Further studies would be necessary to
confirm this assumption because diffractograms of moderately substituted brushite
cannot be distinguished from pure brushite, and therefore the diffractograms in the

present study cannot be used to verify this premise.

CHEESE DEMINERALIZATION
The results of this study demonstrate that a mineral element diffusion

phenomenon occurs in stabilized white mold cheese that had not been previously
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observed. The processes of brushite crystallization and concurrent calcium, phosphate,
and magnesium diffusion result in a significant reduction of calcium, phosphate, and
magnesium in the center of the wheel by the end of the study timeframe. By the final day
of observation, the center of the cheese contained on average 26.4% less calcium, 14.8%
less phosphorus, and 12.1% less magnesium. On a molar basis, the calcium content at the
center was reduced by approximately twice that of phosphorus. This may reflect the
slower diffusion of phosphate in the cheese matrix due to its larger ionic radius. Further
investigations that include measurements of phosphorus and calcium at intermediate
points between the rind and the center would be needed to fully explain how the
concentration of calcium at the center can decrease more extensively than the
concentration of phosphorus. Nonetheless, these observations suggest that the diffusion
of mineral elements may be a complex process that warrants additional study.

The diminished concentrations of these elements, and especially the reduction in
calcium, is potentially important from a cheese technology standpoint, given the
significance attributed to calcium in casein-casein interactions and casein hydration
(Feeney et al. 2002). Although the concentration of calcium in the cheese center at the
end of the present study was higher than the concentration previously reported for
traditional Camembert over the same aging time (Le Graet et al. 1983), the
demineralization observed in the present study is still noteworthy. Further research is
necessary to determine if demineralization in stabilized white mold cheese has an impact

on the texture of the ripened cheese.
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CONCLUSION

The process of rind alkalinization and cheese demineralization that had been
previously observed in traditional white mold cheese was observed in a limited form in a
stabilized white mold cheese. A relatively small pH gradient developed between the rind
and center of the cheese, which was accompanied by a significant diffusion of calcium,
phosphorus, and magnesium from the center to the rind. Crystallographic techniques
aided in determining that brushite crystals precipitated in the rind and were responsible
for the accumulation of mineral elements in the rind. Further research is necessary to
determine the role that demineralization plays in texture development of stabilized white
mold cheese. Studies designed to investigate the effect of modulating the degree of
demineralization, while holding the pH constant, could provide great insight into the role
that calcium concentration plays in texture characteristics of stabilized white mold cheese

and cheese universally.
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Table 1. Mean squares, probabilities (in parentheses), and degrees of freedom for pH,

selected mineral elements on a dry weight basis, moisture content, and salt-in-moisture

during 18 days of aging (16°C from Day 1 to Day 4, 11-12°C from Day 4 to Day 14 and

5°C from Day 14 to Day 18). Statistical significance (with P < 0.05) is denoted by an

asterisk
Factors df pH Ca P Mg Na Moisture  Salt-in-
Content Moisture

Batch 2 0.0953 31.975 11.302 0.0382 0.413 0.001 0.0377

(blocked) (<0.001*) (<0.001*) (<0.001*) (<0.001*) (0.791) (0.025*)  (0.712)

Day of 5 0126 8.016 4.858 0.004 1.881 0.001 0.161

Aging (<0.001*)  (<0.001*) (<0.001*)  (<0.001*)  (0.385) (0.021*)  (0.215)

(Day)

Sampling 1  1.328 86.134 37.148 0.0514 648.723 0.001 47.127

Location (<0.001*)  (<0.001*) (<0.001*) (<0.001*) (<0.001*) (0.043*) (<0.001%*)

(rind or

center)

(SL)

DayxSL 5  0.250 31.490 9.687 0.017 129.494 0.002 6.310
(<0.001*) (<0.001*) (<0.001*) (<0.001*) (<0.001*) (0.001*)  (<0.001%)

Error 58 0.003 0.631 0.193 0.001 1.753 0.0003 0.110

*P <0.05
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Table 2. Matrix of correlation coefficients for rind pH and concentrations of selected

mineral elements in the rind on a dry weight basis.

pH Ca P Mg
pH 1.0000 0.8581 0.8839 0.7914
Ca 1.0000 0.9360 0.8628
P 1.0000 0.9355
Mg 1.0000
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Figure Captions

Figure 1. lllustration of the sampling scheme used for quantitative measurement of
calcium, phosphorus, magnesium, and sodium content in rind and center locations
Figure 2. Average pH values of rind and center sampling locations during aging. Error
bars represent standard error from all three batches and duplicate cheeses on each
sampling day

Figure 3. Average calcium concentrations of rind and center sampling locations during
aging on a dry weight basis (grams of calcium per kilogram of dry cheese). Error bars
represent standard error from all three batches and duplicate cheeses on each sampling
day

Figure 4. Average phosphorus concentrations of rind and center sampling locations
during aging on a dry weight basis (grams of phosphorus per kilogram of dry cheese).
Error bars represent standard error from all three batches and duplicate cheeses on each
sampling day

Figure 5. Average magnesium concentrations of rind and center sampling locations
during aging on a dry weight basis (grams of magnesium per kilogram of dry cheese).
Error bars represent standard error from all three batches and duplicate cheeses on each
sampling day

Figure 6. Average sodium concentrations of rind and center sampling locations during
aging on a dry weight basis (grams of sodium per kilogram of dry cheese). Error bars
represent standard error from all three batches and duplicate cheeses on each sampling

day
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Figure 7. Average percent moisture of rind and center sampling locations during aging.
Error bars represent standard error from all three batches and duplicate cheeses on each
sampling day

Figure 8. Examples of powder X-ray diffractograms of the rind on Day 1 (A), Day 10
(FOM: 1.104) (B), and Day 18 (FOM: 0.770) (C). Vertical bars represent the reference
diffraction pattern for brushite (CaHPO4¢2H20, ICDD card # 01-075-4365)

Figure 9. Examples of micrographs displaying crystals in Day 10 (A), Day 14 (B), and

Day 18 (C) rind samples
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CHAPTER 5: CRYSTALLIZATION AND DEMINERALIZATION

PHENOMENA IN WASHED-RIND CHEESE

INTERPRETIVE SUMMARY
Most of the research that has been conducted on washed-rind (smear ripened) cheese has
focused on identification of the bacteria, yeasts, and molds that compose the surface
microflora and describing their metabolic processes. The present study explores a
crystallization phenomenon that arises from the activity of the surface microflora. This
report links this crystallization phenomenon to a mineral element diffusion phenomenon
that has been previously reported in white mold cheese and represents an important

homology between these two classes of cheese.
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ABSTRACT

This report documents an observational study of a high moisture washed-rind
cheese. Three batches of cheese were sampled on a weekly basis for six weeks and again
at Week 10. Center, under-rind, rind, and smear samples were tested for pH, moisture,
and selected mineral elements. Powder X-ray diffractometry and petrographic
microscopy were applied to identify and image the crystal phases. The pH of the rind
increased by over 2 pH units by Week 10. The pH of the under-rind increased but
remained below the rind pH at all times, whereas the center pH decreased for most of
aging and only began to rise after Week 5. Diffractograms of smear material revealed the
presence of four crystal phases: brushite, calcite, ikaite and struvite. The phases nucleated
in succession over the course of aging, with calcite and ikaite appearing around the same
time. The data did not indicate whether the crystals were present exclusively in the smear
or in the entire rind including the top 2 mm of cheese. A very small amount of brushite
appeared sporadically in center and under-rind samples, but otherwise no other
crystallization was observed beneath the rind. Micrographs revealed that crystals in the
smear grew to 250 um in length or more by Week 10 and at least two different crystal
phases, probably ikaite and struvite, could be differentiated by their different optical

properties. The surface crystallization was accompanied by a mineral diffusion
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phenomenon that resulted, on average, in a 216.7%, 95.7%, and 149.0% increase in
calcium, phosphorus, and magnesium, respectively, in the rind by Week 10. The

diffusion phenomenon caused calcium, phosphorus, and magnesium to decrease, on
average, by 55.0%, 21.5%, and 36.3%, respectively, in the center by Week 10. The
present study represents the first observation of crystallization and demineralization

phenomena in washed-rind cheese.

Key Words: crystal, ikaite, demineralization, washed-rind cheese

INTRODUCTION

Washed-rind cheese is a broad classification that includes cheeses of widely
varying moisture content and aging time. The qualifying characteristic of these cheeses is
the treatment of the rind with some kind of washing solution, which can be applied by
hand or with an implement such as a brush. Cheeses treated in this manner tend to form a
complex microbiota on the surface that may contribute to the appearance and flavor of
the ripe cheese. The present observational study focuses on the development of a high
moisture washed-rind cheese that is characterized by a thick bacterial smear.

There exists a striking homology between the ripening of washed-rind cheese
and the ripening of white mold (bloomy rind) cheese in that both of these types of cheese
possess a highly active surface biomass that is carefully cultivated by the cheesemaker. In
white mold cheese, the surface flora’s activity causes a local increase in pH at the surface
which causes pH-sensitive calcium phosphate crystals to nucleate in the rind (Le Graet et

al., 1983). The elevated pH reduces the solubility of calcium and phosphate in the rind
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and causes calcium and phosphate ions to diffuse to the rind from the center along a
concentration gradient. These ions are deposited in growing crystals, which results in
calcium phosphate accumulation in the rind and concurrent diminishment in the center.
Elevated rind pH during aging has been reported in washed-rind cheese (Gobbetti et al.,
1997), but corresponding investigation of crystallization and demineralization in washed-
rind cheese appears to be absent from the literature.

Rind alkalinization in washed-rind cheese is a function of the various microbial
communities that colonize the cheese surface and metabolize cheese components. At the
initial pH of washed-rind cheese (typically between 5.0 and 5.5) the bacterial species that
characterize the mature smear of washed-rind cheese cannot grow (Gori et al., 2007) and
instead, a succession of microbes colonizes the cheese surface as the collective microbial
metabolism raises the pH (Mounier et al., 2006). The first species to appear are the
yeasts, such as Debaryomyces hansenii (Riahi et al., 2007b), Kluyveromyces lactis, and
Saccharomyces cerevisiae (Kagkli et al., 2006), that grow on account of their high acid
and salt tolerance (Larpin et al., 2006). Yeast activities, including metabolism of lactic
acid (Masoud and Jakobsen, 2005) and ammonia production (Gori et al., 2007), during
early aging contribute to a significant increase in surface pH. The acid sensitivity of
successive bacterial colonies varies, but in general the bacterial species begin to grow
around pH 6 (Bockelmann and Hoppe-Seyler, 2001, Gori et al., 2007).

The main bacterial species that tend to appear on the cheese surface after the
yeasts are Gram-positive bacteria including Corynebacterium, Arthrobacter,
Brevibacterium, Micrococcus, and Staphylococcus (Feurer et al., 2004). The process of

washing the surface of the cheese with a brine has the effect of spreading the bacterial
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colonies over the rind and creating a uniform mass (Brennan et al., 2002). These bacteria
form a sticky biofilm or microbial mat on the cheese surface (Leclercg-Perlat et al., 2004,
Wolfe et al., 2014) that consists of the bacteria and excreted substances (Larpin et al.,
2006), although an analysis of the extracellular components of the smear appears to be
absent from the literature. The bacterial smear communities continue to metabolize the
cheese substrate, with further release of ammonia (Leclercg-Perlat et al., 2000b) and
consumption of lactate (Leclercg-Perlat et al., 2000a).

The isolation and identification of crystals from the smears of two washed-rind
cheeses was reported by the authors of the present manuscript (Tansman et al., 2016).
The crystals, which had never been observed in cheese, ranged in size up to 500 um in
length. One of the isolated crystals was identified as ikaite (CaCOs-6H20), which is a
rare metastable crystal that is mostly associated with freezing marine and lacustrine
environments. The other crystal was struvite (NH4sMgPQO4-6H20), which is often
associated with bacterial activity.

The primary goal of the present study was to observe the nucleation and growth of
crystals in a washed-rind cheese during aging and to measure the changes in mineral
element concentrations at different depths of the cheese. Novel crystallographic
techniques were employed to observe the maximum size of crystals and to identify the

crystal phases.
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS

Cheese ripening involves numerous biotic and abiotic processes, many of which
are still not fully understood. An expanded understanding of these systems is desirable
from the processing standpoint because it could provide cheesemakers with more control
over the sensory characteristics of their finished product. The observations that were
described in this dissertation highlight the tendency of soluble compounds in cheese, such
as amino acids, mineral elements, and fermentation products, to form precipitates. These
crystals can impart textural characteristics such as crunchiness and grittiness that are
important for consumer acceptability. Chapter 2 presented a survey conducted with
powder X-ray diffractometry (PXRD) that explored the diversity of crystals in hard
cheeses such as Cheddar, Gouda, and Parmigiano-Reggiano and laid the groundwork for
the cheese aging studies that followed. Conclusive identification of these precipitates
provided insight into the diversity of ripening processes that induce these crystallization
events.

The PXRD survey also made an initial foray to identify the crystals that form on
the surface of soft washed-rind cheese. This endeavor provided preliminary data on the
identity of the crystals but also demonstrated the need for additional optimization of the
technique for use with cheese samples. Subsequent studies focused on crystallization
phenomena in surface ripened cheeses and demonstrated the usefulness of additional
crystallographic techniques including single crystal X-ray diffractometry (SCXRD) and
petrographic microscopy. These techniques, along with measurements of pH and mineral
element content, explored the complex and intriguing processes of mineral element

diffusion and crystallization in white mold cheese and washed-rind cheese.
221



These phenomena have important implications including the direct impact that
large crystals can have on cheese texture. These processes may also impact cheese
softening through their indirect effect on protein-hydration; there are multiple schools of
thought on this topic and further research is needed to determine how the mineral element
concentrations of the soft surface ripened cheese affect cheese softening. This line of
inquiry could define the role that is played by the mineral elements diffusion phenomena
that were described in Chapters 4 and 5.

Collaboration with cheesemakers is the cornerstone of cheese-aging research
and contributed to the real-world applicability of the findings in this dissertation. During
my discussions with collaborators, | gleaned a trove of information on manufacturing
practices, including practices that are aimed at differentiating cheeses in the market. One
such innovation involves the use of popular beers in the wash-solution during the
production of washed-rind cheese. This practice is an excellent means of crafting value in
the marketplace, but cheesemakers are often curious how a practice like beer-washing
affects aging processes. At a recent meeting in Somerset, England, where | presented
research findings to a group of European cheesemakers, many attendees were curious
about interactions between various washing solutions and the tendency of washed-rind
cheeses to form gritty rinds. Research in this area would be tremendously beneficial to
cheesemakers that are looking to modify their washing-solutions as a means of
differentiating their products.

The use of high-end sea salts in cheese production is similar to the use of beer in
that it may appeal to consumers, although it could potentially impact ripening processes
in unexpected ways. For instance, compared to table salt, sea salt contains elevated levels
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of certain ions that play a role in the crystallization phenomena described in Chapters 3,
4, and 5 of this dissertation. Elevated levels of magnesium, calcium, and phosphate could
induce or inhibit the crystallization of various phases. The transfer of marine organisms
from sea salt is another variable that could impact the ripening process at the rind, with
possible implications for the type or abundance of crystals that form in the rind. These
questions represent the cutting edge of our understanding of the washed-rind cheese
system and extended research in this multi-disciplinary topic of study would likely yield
intriguing discoveries.

Terroir, which | will modestly define here as the influence of geography on a
cheese’s properties, is a concept that has gained popularity in recent years. Product
marketing frequently emphasizes the unique properties of products due to their places of
origin. This concept may also have political and economic ramifications in negotiations
of trade deals that involve protected origin claims. It is quite possible that the physical
environment in which a washed-rind cheese is produced impacts the development of
sensory properties, although research in this area is still in its infancy. For instance, the
type of water that a cheesemaker uses to wash a cheese may differ in its concentration of
dissolved ions, depending on the type of water that is available in the cheesemaker’s
region. These ions could potentially impact the formation of crystals by introducing the
reactants necessary for crystallization or by introducing inhibitor ions with very low
thresholds of inhibition. Research in this arena would be particularly interesting.

Crystallization in food is a fascinating topic that still has many unexplored areas
of inquiry. This research could benefit producers, through the provision of valuable
technical information, while also providing consumers with insight into the intricate
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workings of the food system. It is my sincerest hope that research in this engaging area of
study continues to produce intriguing observations, which may deepen our relationship

with the familiar, yet mysterious, foods that we eat.
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