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ABSTRACT

Cheese making is a process in which enzymatic
coagulation of milk is followed by protein separation,
carbohydrate removal, and an extended bacterial fer-
mentation. The number of variables in this complex
process that influence cheese quality is so large that
the developments of new manufacturing protocols are
cumbersome. To reduce screening costs, several models
have been developed to miniaturize the cheese manufac-
turing process. However, these models are not able to
accommodate the throughputs required for systematic
screening programs. Here, we describe a protocol that
allows the parallel manufacturing of approximately 600
cheeses in individual cheese vats each with individual
process specifications. Protocols for the production of
miniaturized Gouda- and Cheddar-type cheeses have
been developed. Starting with as little as 1.7 mL of milk,
miniature cheeses of about 170 mg can be produced and
they closely resemble conventionally produced cheese
in terms of acidification profiles, moisture and salt con-
tents, proteolysis, flavor profiles, and microstructure.
Flavor profiling of miniature cheeses manufactured
with and without mixed-strain adjunct starter cultures
allowed the distinguishing of the different cheeses.
Moreover, single-strain adjunct starter cultures engi-
neered to overexpress important flavor-related enzymes
revealed effects similar to those described in industrial
cheese. Benchmarking against industrial cheese pro-
duced from the same raw materials established a good
correlation between their proteolytic degradation prod-
ucts and their flavor profiles. These miniature cheeses,
referred to as microcheeses, open new possibilities to
study many aspects of cheese production, which will
not only accelerate product development but also allow
a more systematic approach to investigate the complex
biochemistry and microbiology of cheese making.
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INTRODUCTION

Industrial cheese manufacturing is a process charac-
terized by many variables. First, standardized milk is
treated with an enzyme to coagulate the milk proteins.
This coagulation leads to a gel-like structure, the curd,
which is cut into small blocks and subsequently stirred,
following a cheese-specific temperature regimen. During
the stirring of the curds syneresis occurs, a process that
leads to the extrusion of the liquid fraction, the whey,
from the protein matrix. The whey contains a high
amount of lactose and, for a typical Gouda-type cheese,
a part of this lactose is removed by replacing some of
the whey with water. Eventually, the curd is molded
and pressed and, in the case of Gouda-type cheese, salt
is added by submerging the cheese in brine. Before the
initial coagulation step, a mixed culture of bacteria,
the starter culture, is added to the milk. These bacteria
mostly belong to the lactic acid bacteria (LAB) and
they are responsible for several essential properties of
cheese (Smit et al., 2005b). The acidification resulting
from the conversion of lactose into lactic acid by LAB
not only determines the organoleptic characteristics but
also serves as a preservative that prevents the growth of
other, nonstarter bacteria, which is important in terms
of product quality and consistency, shelf life, and food
safety. The proteolytic activity of the bacterial starter
culture catalyzes the degradation of milk proteins, which
influences cheese texture and results in the formation of
peptides and free amino acids. Amino acids act as pre-
cursors for specific bacterial metabolites, which include
potent aroma compounds. In addition to proteolysis,
glycolysis and lipolysis are important pathways leading
to flavor-active bacterial metabolites. Examples of such
molecules resulting from carbohydrate metabolism are
acetate, diacetyl, acetaldehyde, propionic acid, and ace-
toin. Examples of relevant flavor derivatives from amino
acid metabolism are 3-methylbutanal, dimethylsulfide,

5868



HIGH-THROUGHPUT CHEESE MANUFACTURING

or methional (Fox and Wallace, 1997; McSweeney and
José Sousa, 2000; Yvon and Rijnen, 2001). The deg-
radation of amino acids leading to the formation of
a-keto-acids and their further degradation to important
flavor compounds has been relatively well-characterized
(Yvon et al., 1997, 2000; van Kranenburg et al., 2002).
The actual lysis of bacterial cells during the ripening
period is also thought to have an influence on cheese
properties, mainly through the release of intracellular
peptidases (Roginski, 2003). In addition to the produc-
tion of flavor-active molecules, the bacterial population
can also influence the texture of a food product by, for
example, the production of exopolysaccharides (Hassan
et al., 2005) or through proteolytic activity (Lucey et
al., 2003).

Given this complexity of cheese making, it is obvi-
ous that there are many combinatorial possibilities of
variables, which makes the development of novel cheese
variants and new production protocols cumbersome,
laborious, and expensive. For example, starter cultures
show a large variation in functional properties and
thus, the choice of starter culture can have a major
influence on the properties of the final cheese product.
Adjunct or secondary starter culture microorganisms
are added to certain cheeses with the purpose of im-
proving the sensory quality (El Soda et al., 2000). The
positive influence of single or mixed adjunct starter
cultures on cheese properties is well-recognized (Fox
et al., 1996; El Soda et al., 2000; Ayad et al., 2003;
Azarnia et al., 2006) and widely applied. Consequently,
the screening of strain collections and natural isolates
offers an attractive approach for the identification of
applicable new starter strains. Screening efforts are
commonly performed in laboratory media (Smit et al.,
2004; Brandsma et al., 2008) or in media designed to
resemble a product environment (Crow et al., 1994;
Ayad et al., 1999). Such screens yield valuable insights
into strain-specific properties. However, they often have
little value for predicting strain performance in cheese
in which environmental conditions alter the physiologi-
cal status of the cell. This is illustrated by the relatively
poor correlation of volatile compounds measured from
different lactococcal cultures grown either in milk or in
a cheese paste model (Ayad et al., 1999). Moreover, in
a recent study it was demonstrated that the specific ac-
tivities of 5 lactococcal enzymes, which are considered
to be of key importance for flavor formation, displayed
very limited or no correlation if measured after bacte-
rial growth in either a rich laboratory medium or a
chemically defined medium (Bachmann et al., 2009).
That study established that the predictive value of in
vitro liquid culture screening results is very limited
and strongly determined by culture conditions, indicat-
ing that high-throughput screening technologies in a

5869

product-like environment would be of great value. To
the best of our knowledge, the smallest model system
reported for cheese manufacturing uses 200 mL of milk
per cheese and allows an approximate throughput of 10
individual cheeses per person per day (Shakeel-Ur-Re-
hman et al., 1998). Other model systems, which try to
mimic the cheese environment, have similar limitations
in their throughput capacities. For a review on cheese
model systems, see Shakeel-Ur-Rehman et al. (2001).
However, the described models are not effective enough
and require considerable investments when applied in
more elaborate or large-scale screening efforts. Current
product development is therefore driven mainly by edu-
cated guesses rather than by the systematic screening
of processing conditions and starter cultures. Here, we
present a high-throughput cheese-making model that
allows the simultaneous manufacturing of individual
miniature cheeses from as little as 1.7 mL of milk,
enabling an experienced person to handle up to 600
cheeses per day. We demonstrate the modification of
flavor profiles by adding either a mixed-strain adjunct
starter culture or single strain adjuncts, which were en-
gineered to overexpress key enzymes involved in flavor
formation. Furthermore, the results establish that the
manufacturing process is highly reproducible and that
key properties of the microcheeses resemble those of
conventionally manufactured cheese.

MATERIALS AND METHODS

Milk, Enzymes, Starter Cultures,
and Culture Conditions

The milk used for manufacturing microcheese was
standardized bovine milk with a fat content of approxi-
mately 3.5%, protein content of approximately 3.4% and
a lactose content of approximately 4.5% (heat treated
at 72.5°C for 9 s). To allow the manufacture of cheese
on different days with the same batch of milk, 800-mL
aliquots were shock frozen by slowly pouring milk di-
rectly into liquid nitrogen. Subsequently, aliquots were
stored at —40°C until usage. Starter cultures for Gouda
type cheese—FR18, Bos, and APS—were obtained from
CSK Food Enrichment (Ede, the Netherlands). Starter
cultures for Cheddar-type cheese—Choozit RA21 LYO
250 DCU (named RA21 throughout this paper) and
Choozit FLAV54 LYO 5D (named Flav54 throughout
this paper)—were obtained from Danisco (Copenhagen,
Denmark). Because of the small quantities of starter cul-
ture needed, the concentrated cultures were not added
directly to the milk but were precultured in sterilized,
reconstituted skimmed milk powder (Promex Spray 1%
skimmed milk powder, Friesland Foods butter, Lochem,
the Netherlands). For preculturing, the starter cultures
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Table 1. Strains and plasmids used to assess the effect of varying branched-chain a-keto acid decaboxylase (bckad) and cystathionine 3-lyase

(metC) expression levels on flavor profiles

Name Description Reference

Strain
MG1363  Lactococcus lactis; plasmid free, wildtype strain Gasson, 1983
NZ9000 L. lactis MG1363; pepN::nisRK Kuipers et al., 1998
B1157 L. lactis, branched-chain a-keto acid decarboxylase-positive Ayad et al., 1999
B2083 Tet', Ery', Cm"; pGh9:ISSI integrated in the chromosome of B1157 at position 462 Smit et al., 2005a

of the decarboxylase gene (bckad)

Plasmid
pNZ8136 Cm', 4.5-kb pNZ8048 derivative carrying the MG1363 metC gene Fernandez et al., 2000
pNZ7500 Cm' pNZ8148 derivative containing a 1.8-kb fragment carrying the decarboxylase gene (bckad) of B1157  Smit et al., 2005a

were grown under the following conditions: 20 h at 20°C
for FR18 and Bos, 16 h at 37°C for APS, 18 h at 30°C
for RA21, and 16 h at 37°C for Flav54. Determination
of bacterial colony-forming units in cheese was done by
dissolving cheese in 2% sodium citrate and subsequent
plating on M17 agar (Merck, Darmstadt, Germany)
supplemented with 0.5% lactose. As a control sample
for GC-MS analysis, a young Gouda-type cheese (Jonge
Beemster) was purchased at a local store.

BcKAD and MetC Mutant Strains

Lactococcus  lactis MG1363  (Gasson, 1983), a
branched-chain a-keto acid decaboxylase (bckad) over-
expression strain NZ9000 pNZ7500 (Smit et al., 2005a),
a wildtype strain with high BcKAD activity L. lactis
B1157 (Ayad et al., 1999), and its cognate bckad dele-
tion mutant B2083 (Smit et al., 2005a), a cystathionine
B-lyase (metC) overexpression strain NZ9000 pNZ8136
(Fernandez et al., 2000), and a metC deletion mutant
MG1363AmetC were used as adjunct cultures (Table
1). Strains were precultured overnight at 30°C in M17
(Oxoid Ltd., Basingstoke, UK) supplemented with
0.5% glucose. For overexpression of bckad and metC,
the overnight cultures were diluted (1:10) in reconsti-
tuted skimmed milk supplemented with 0.5% glucose
and incubated for 1 h at 30°C. If required, 5 ng of
nisin was added per milliliter of culture and cells were
incubated for another 2 h at 30°C. Fifty microliters of
these cultures were used as adjunct culture to 1.7 mL
of milk, which was already inoculated with 1% of a Bos
starter culture. The colony-forming units of adjunct
added to the individual microcheeses were determined
to be approximately 2 x 10" per mL of milk. Subse-
quently, Gouda-type microcheeses were manufactured
essentially as described as follows. To microcheeses
made with strains MG1363 and NZ9000 as adjunct,
0.5% glucose was added to the milk to allow growth of
these lactose-negative strains.

Production of Gouda-Type Cheese

For cheese manufacturing, the frozen milk was
thawed and subsequently warmed to 30.5°C. The milk
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was supplemented with renneting enzyme (Kalase, 150
IMCU, CSK Food Enrichment) at a concentration of
230 pL/L of milk. Furthermore, 400 pL of a 33% (wt/
vol) CaCl, solution was added per liter of milk. As a
starter culture, 1% of an FR18 preculture was added
to the milk. For microcheeses produced with an ad-
junct culture, 2.5% of an APS preculture was added
to the milk. Following inoculation, the wells of a 2-mL
deep-well microplate (Greiner, Alphen a/d Rijn, the
Netherlands) were filled with 1.7 mL of milk each and
the plates were sealed with a capmat (Greiner) and
incubated at 30.5°C. After 45 min, the cutting of the
curds was begun using a custom-made stirring device
(Figure 1). This stirring device was made from stain-
less steel and consisted of a plate with a handle at
the top and 96 pins attached to the bottom. The pins
were 3 mm in diameter and 45 mm long, and they
were aligned in such a way that they were positioned
precisely in the middle of each well when the stirring
device was placed in a 96-well microplate (Figure 1).
The stirring device was used for manual cutting and
stirring of the curds. Cutting of the curds was carried
out by slow horizontal and vertical movements of the
stirring device through the curds. This was followed by
stirring of the curds and the 2 steps together took 20
min. During these 20 min, cutting/stirring for 20 s and
resting for 3 min were alternated. After stirring, the
curds were allowed to rest for 5 min and then the plates
were sealed again and centrifuged at 466 x ¢ for 5 min
to slightly compact the curds. Subsequently, 680 pL of
whey was removed from each well and replaced with
620 pL of sterile tap water. Throughout the cutting,
stirring, and centrifuging steps, the plates were kept at
30.5°C. The addition of the washing water, which was
heated to 45°C, brought the temperature in the wells
to approximately 36°C. After addition of the water,
the plates were placed in a water bath at 35.5°C and
the curds were resuspended with the stirring device.
This was followed by a 40 min incubation period at
35.5°C and regular stirring as described above. Then,
the plates were incubated at the same temperature for
another 20 min without stirring. Whey was removed
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from the curds by centrifuging the microplates at 4,800
x g for 1 h at 30°C. The supernatant was discarded by
decanting the plate and keeping the plate upside down
on a tissue for 15 min. Finally, the plates where covered
with a Breathseal (Greiner) and placed in a climate
stove at 30°C and 30% relative humidity to adjust the
moisture content of the microcheeses. After overnight
incubation in the climate stove, 17 uL of a sterile 20%
sodium chloride solution (wt/vol) was added to each
well which, as calculated from the expected yield (Van
Slyke and Price, 1949), should give approximately 3%
salt in dry matter in the cheese. The evaluation of
moisture content of the microcheeses was monitored by
calculations based on the total weight of the cheese in
each plate and by taking individual samples and deter-
mining the moisture content as described below. After
cheeses reached the target moisture content of 42 to
45%, the plates were sealed in 0.8 atmospheres of 100%
nitrogen. The cheeses were left to ripen at 17°C for 7
and 42 d before further analysis.

Production of Cheddar-Type Cheese

The ingredients for Cheddar-type cheese (milk, Ka-
lase, and CaCl,) were used in concentrations identical
to that for Gouda type cheese. A 1% preculture of RA21
was used as starter culture for Cheddar. In case of the
addition of an adjunct next to RA21, 0.75% of Flavb4
preculture was added. After inoculation, the plates were
sealed and incubated at 30°C for 45 min. The coagu-
lated milk was cut and stirred with the cutting device
for 10 min as described above. Subsequently, stirring
was continued and the temperature was increased by
1°C per 6 min to 39°C. The increase in temperature
in this protocol was relatively slow, which ensured an
equal temperature increase throughout the plate. Then,
stirring was continued for another 60 min at 39°C.
Afterward, the curds were allowed to rest for 10 min,
which was followed by centrifugation of the plates at
466 x g for 5 min at 30°C. After centrifugation, the
whey was removed and the sealed plate was incubated
for another 90 min at 30°C. Then, 30 pL of a sterile
30% (wt/vol) sodium chloride solution was added to
each well and the plates were kept at 30°C for another 5
min. Subsequently the plates were centrifuged at 4,800
x ¢ and 30°C for 60 min. The removal of supernatant,
reduction of the moisture content, and ripening condi-
tions were performed as described. The target moisture
content was 35 to 38%.

Comparison of Industrial Cheese and Microcheese

Cheese was manufactured on a pilot scale essentially
as described earlier (Kammerlehner, 1989; Ledeboer et
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Figure 1. Microplate and stirring device used for the manufactur-
ing of 96 individual microcheeses.

al., 2002). In brief, curds were prepared in a 1,500-L
open vat and eventually shaped into 10-kg wheels. Af-
ter milk inoculation with Bos starter culture, an aliquot
was taken from the 1,500-L vat and used immediately
for further processing according to the Gouda-type mi-
crocheese protocol. Pilot-scale cheeses and microcheeses
were ripened at 13°C, and samples were taken after 14,
41, and 124 d.

Physicochemical Analysis

Moisture, salt, and fat analysis were performed ac-
cording to the Dutch standards NEN 3755, 3762, and
3758 (Nederlands Centrum voor Normalizatie, Delft,
the Netherlands), respectively, except that, for each
determination, only approximately 170 mg of cheese
(one microcheese) was used. For the butyrometric fat
determination, 15 microcheeses were pooled to yield
sufficient material (>2 g). The pH values were deter-
mined with a 3-mm pH electrode (BioTrode, Metrohm,
Herisau, Switzerland), which was used according to the
manufacturer’s instructions. For pH measurements in
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microcheese, this electrode was pressed approximately
2 mm into the microcheese.

Analysis of Proteolysis

Determination of proteolysis in microcheese samples
was performed essentially as described elsewhere (Visser
et al., 1991). In brief, 170 mg of cheese was dissolved in
1.5 mL of buffer E* {0.1 M 1.3-bis|tris(hydroxymethyl)-
methylamino|propane, 8 M urea, 1.3% sodium citrate
x 2-H,0 pH 7, and 40 mg/mL dithiothreitol, which was
added directly before buffer usage} followed by ultra-
sonic treatment for 30 min. Subsequently, 500 pL was
mixed with 1,500 pL of elution buffer A (see below),
centrifuged for 5 min at 17, 200 x ¢, and finally filtered
through a 0.22-pm membrane. Analytical reversed-
phase chromatography (RP-HPLC) was carried out
with equipment as described earlier (Visser et al., 1991).
The equipment was linked to a data acquisition and pro-
cessing system (Turbochrom, Perkin-Elmer, Waltham,
MA). Solvent A was a mixture of acetonitrile-water-
trifluoracetic acid (20:980:1, vol/vol/vol) and solvent B
contained the same components (900:100:0.8, vol/vol/
vol). Components were eluted with a linear gradient
of solvent B in A. The absorbance of the eluent was
monitored at 220 nm and 280 nm. The injection volume
was 100 pL.

GC-MS Analysis

For volatile analysis, an Ultrafast GC-MS setup was
used. Each microcheese was transferred to a 1.5-mL
headspace vial. Headspace volatiles were allowed to
equilibrate for 20 min at 60°C and subsequently directly
injected into the GC-MS by a Combi Pal Autosampler
(CTC Analytics AG, Zwingen, Switzerland; GC col-
umn UFM RTX 200, 10 m x 0.14 mm; Thermo Fisher
Scientific Inc., Waltham, MA). The initial temperature
of the GC column was held for 0.4 min at 20°C and
then increased at 200°C/min to a final temperature of
250°C at which it was held for 0.5 min. The total run
time, including cooling, was approximately 5 min. Mass
spectra were recorded by a Thermo-plus time-of-flight
mass spectrometer (Thermo Fisher Scientific Inc.). The
detection of mass spectra was performed with ioniza-
tion energy of 70 eV and a scanning rate of 25 scans/s.
The detected m/z ratio ranged from 35 to 350. Peak
identification was done using the NIST MS search
program version 2.0. Quantitation of peak areas was
performed using XCalibur 1.4SR1 software (Thermo
Fisher Scientific Inc.).

Headspace volatiles of samples with bckad and metC
mutant L. lactis strains as well as samples for the
comparison of industrial cheese with microcheese were
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analyzed essentially as described above but equilibra-
tion was performed for 16 min at 60°C followed by
focusing and cryofixation at —50°C. Separation of the
compounds was performed on a FactorFour VF-1ms
column (30 m x 0.25 mm; Varian, Palo Alto, CA).

Confocal Laser Scanning Microscopy

Imaging was performed using a Leica TCS SP confocal
laser scanning microscope (CSLM, Leica, Rijswijk, the
Netherlands) in the fluorescence, single photon mode.
The set-up was configured with an inverted microscope
(model DM IRBE, Leica) and an Ar/Kr laser. The ob-
jective lens used was a 63x/NA1.2/water immersion/
Pl Apo (Leica). Nile Blue A (Sigma, Zwijndrecht, the
Netherlands) was used to stain the inclusion of lipids in
the cheese matrix.

Statistical Analysis

Clustering and analysis of correlation of the com-
pound data of all GC-MS profiles with ripening periods
and starter composition was performed using random
forest (Breiman, 2001) as implemented in the Random
Forest package for R (R-Development Core Team,
2008). Pearson correlation coefficients of the logarithm
of the peak areas were calculated for the comparison of
factory and microcheese flavor profiles.

RESULTS
Development of the Small-Scale Cheese Model

A protocol for the high-throughput manufactur-
ing of cheese was developed by employing a standard
96-deep-well microplate as an array of cheese vats. In
this method, each well can be addressed separately with
substrate, ingredients, or cultures and an individual
cheese is produced from as little as 1.7 mL of milk. For
validation of the model, 4 types of cheese were prepared,
encompassing Gouda- and Cheddar-type cheeses with
and without adjunct starter cultures. For each of the
4 types of cheese, 2 x 96 microcheeses were manufac-
tured in individual experiments, and multiple samples
were analyzed for acidification rates, moisture content,
salt concentration, and volatile flavor compounds. The
analysis of volatile flavor compounds was performed on
microcheese ripened for 7 and 42 d. The amounts of
rennet, CaCl,, and starter culture added to the milk
as well the temperature regimen followed throughout
cheese manufacturing were identical to those applied
in conventional cheese-making protocols. The cutting
of the curds with a dedicated cutting/stirring device
(Figure 1) resulted in a curd size of 0.2 to 0.4 mm in
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Figure 2. Acidification profiles in border wells and nonborder wells
show no significant positional effects. Gray circles show pH values
measured in various nonborder wells (positions B2 to G11; n = 15);
black squares show pH values in border wells C1, F1, H2, H6, and H12.
Error bars show standard deviation.

diameter for Gouda type cheese and curds 0.9 to 1.1
mm in diameter for Cheddar-type cheese. Industrially
manufactured cheeses typically show curd sizes between
5 and 10 mm. The relatively small curd size in the
presented model is inherent to the system, with the size
of the cheese vats being 7 x 7 x 40 mm. The pressing
of the curds was mimicked by centrifugation. The ad-
dition of salt to either Gouda or Cheddar-type cheese
was not performed by submerging the cheese in brine
or kneading the salt into the curds, respectively, but by
adding a defined amount of brine to the cheese, which
was subsequently absorbed in the curd. To avoid posi-
tional effects in the individual wells of the microplate,
which may be caused by temperature gradients, the
milk was kept at the desired temperature during the
filling of the wells and a strict temperature regimen
was employed.

Physicochemical Parameters

Positional effects are a well-documented cause of
artifacts in microplate screening (Malo et al., 2006).
Therefore, we assessed whether there was a positional
effect on the acidification profile. The pH in different
positions of a microplate was measured 4, 5.5, and 24 h
after the start of the microcheese manufacturing, which
was defined by the moment of inoculation of milk with
enzymes and starter culture. The pH values measured
in wells on the outside borders of the plate were com-
pared with the pH values measured in wells that were
more centrally located. For none of the assessed time
points was a significant difference detected, indicating
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homogeneous conditions across the entire plate during
cheese manufacturing (Figure 2). Overall, the acidifica-
tion rates for Gouda- and Cheddar-type cheeses showed
very low standard deviations within a single experiment
(<1.2%) and remained reasonably low (<2.9%) when
comparing experiments carried out on different days
(Figure 3). The measured acidification rates were very
similar to the acidification profiles measured during the
industrial cheese-making process (Roginski, 2003).

The moisture content measured after the last cen-
trifugation step of the respective protocol for Gouda
and Cheddar microcheeses were between 45 and 50%.
Based on typical moisture contents of industrial cheeses,
the target moisture contents were set to 42 to 45% for
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Figure 3. Acidification of Gouda (panel A) and Cheddar (panel B)
type microcheese during the first 24 h illustrate the reproducibility be-
tween individually manufactured microcheeses. Diamonds and squares
represent microcheeses made on different days. Error bars show stan-
dard deviation (for each data point, n = 10).
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Figure 4. Comparative analysis of cheese microstructure: confocal laser scanning microscopy images of a 35-d-old Gouda-type microcheese
(panel A) and an industrially manufactured 35-d-old Gouda-type cheese (panel B) show a highly similar coalescence pattern. The cheese was
stained with Nile Blue to visualize the lipid inclusions (white) in the cheese matrix. Each panel shows 2 images from different sections of the

preparations.

Gouda-type cheeses and 35 to 38% for Cheddar-type
cheeses. To adjust the moisture content of microcheeses
after centrifugation, the plates were incubated in a con-
trolled climate stove. After 40 h of incubation in the
climate stove, the average moisture content was 42.8%
(£1.9) and 44.2% (£0.7) for the Gouda-type micro-
cheeses produced on different days and 40.6% (£2.7)
and 41.6% (£1.7) for Cheddar-type microcheeses
produced on different days. The Cheddar-type cheeses
were incubated in the climate stove for an additional 24
h to achieve the target values. Following the moisture
content adjustment, microcheese plates were sealed in a
nitrogen atmosphere to avoid fungal contamination and
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ripened at 17°C until further analysis. The addition of
salt to the microcheese was achieved by adding a de-
fined amount of sterile brine to each cheese. Salt readily
diffuses throughout cheese (Simal et al., 2001), which,
because of the small size of the manufactured cheeses,
will rapidly lead to a homogeneous distribution. Based
on industrial cheese properties, the target values for the
salt concentrations were 3% salt in dry matter for both
types of cheese. The amounts of sodium chloride added
were calculated to achieve the concentration found in
the corresponding industrial-cheese protocol. For a
Gouda-type cheese, this is readily predictable, because
the total amount of the added brine remains in each
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Table 2. Gas chromatography-mass spectrometry peak areas of volatile compounds identified in microcheeses
made with different starter cultures and aged for 7 or 42 d'

7d 42 d

Starter culture/

volatile compound Mean peak area SD, % Mean peak area SD, %

Starter culture Fr18 (n=4) (n = 10)
2-Propanon 138,651 18.5 6,751,524 20.4
Acetic acid 17,886 25.4 26,834 48.7
Diacetyl 314,425 5.1 255,557 24.2
3-Methylbutanal 5,183 39.2 41,216 68.2
2 Pentanone 36,095 8.4 102,737 49.4
Butanoic acid 1,043 42.0 196,074 91.2
Acetoin 1,726,033 18.4 1,643,147 12.5
Ethylbutyrate 643 31.0 17,162 128.1
Undecane 5,5-dimethyl 1,416 30.4 2,193 59.9
Pentamethylheptane 3,514 13.2 19,684 63.2
Limonene 1,911 15.2 1,607 43.6
2-Heptanone 15,413 24.7 61,117 55.2
Hexanoic acid 1,566 20.1 77,826 92.0
Ethylcaproate 350 24.2 11,742 107.0
2-Nonanone 3,271 17.0 28,066 75.3
Octanoic acid 8,687 17.1 14,457 37.3
Ethyloctanoate 42 71.1 4,249 105.6

Starter culture Fr18APS (n=4) (n = 10)
2-Propanon 105,316 14.2 5,970,845 15.2
Acetic acid 22,288 57.0 40,426 47.6
Diacetyl 725,639 9.7 342,150 13.2
3-Methylbutanal 15,283 51.0 49,207 57.9
2 Pentanone 20,573 23.7 102,119 56.7
Butanoic acid 970 22.6 128,588 79.4
Acetoin 3,504,683 26.9 2,099,108 10.8
Ethylbutyrate 1,618 33.8 13,168 113.6
Undecane 5,5-dimethyl 2,396 90.1 4,065 49.6
Pentamethylheptane 3,668 8.2 19,861 41.6
Limonene 1,466 16.7 1,193 48.0
2-Heptanone 18,410 69.2 57,348 60.3
Hexanoic acid 1,418 24.9 46,774 101.0
Ethylcaproate 3,262 60.2 7,007 99.8
2-Nonanone 8,566 123.7 21,712 81.4
Octanoic acid 8,032 21.1 11,310 52.1
Ethyloctanoate ND? 2,352 120.4

Starter culture RA21 (n=28) (n = 10)
2-Propanon 190,791 85.6 7,206,944 16.8
Acetic acid 59,757 33.5 67,595 19.4
Diacetyl 753,509 28.5 448,036 40.8
3-Methylbutanal 5,926 39.4 51,339 119.8
2 Pentanone 59,965 104.9 145,937 66.3
Butanoic acid 2,405 17.3 18,159 40.7
Acetoin 6,709,909 13.2 2,747,033 10.6
Ethylbutyrate 4,517 26.2 18,738 122.7
Undecane 5,5-dimethyl 4,226 87.1 3,840 51.2
Pentamethylheptane 37,970 89.1 123,570 63.2
Limonene 1,082 31.2 999 75.6
2-Heptanone 16,613 80.7 75,339 69.2
Hexanoic acid 1,850 22.5 3,576 29.7
Ethylcaproate 1,379 60.4 6,837 80.8
2-Nonanone 5,800 63.4 16,981 64.8
Octanoic acid 6,523 14.8 6,324 39.2
Ethyloctanoate 37 114.4 318 65.8

Continued
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Table 2 (Continued). Gas chromatography-mass spectrometry peak areas of volatile compounds identified
in microcheeses made with different starter cultures and aged for 7 or 42 d!

7d

42.d

Starter culture/

volatile compound Mean peak area SD, % Mean peak area SD, %

Starter culture RA21FLAV54 (n=28) (n = 10)
2-Propanon 302,558 42.7 7,268,759 24.7
Acetic acid 247,777 21.4 131,222 16.1
Diacetyl 652,528 10.6 356,259 11.7
3-Methylbutanal 10,828 41.5 22,409 29.8
2 Pentanone 59,182 105.8 147,077 60.4
Butanoic acid 2,270 12.1 24,108 61.9
Acetoin 6,112,486 7.4 2,729,263 8.1
Ethylbutyrate 3,913 13.0 22,796 102.0
Undecane 5,5-dimethyl 8,425 14.2 2,936 26.4
Pentamethylheptane 130,139 109.7 194,199 61.7
Limonene 1,285 31.6 828 52.9
2-Heptanone 14,157 86.0 72,808 57.0
Hexanoic acid 1,812 15.8 3,123 53.4
Ethylcaproate 1,883 37.1 7,933 72.0
2-Nonanone 5,124 76.3 17,891 55.5
Octanoic acid 5,712 32.2 6,446 53.8
Ethyloctanoate 66 72.6 411 86.7

Starter culture Beemster n=4)
2-Propanon 230,998 16.6
Acetic acid 41,126 14.5
Diacetyl 48,245 23.0
3-Methylbutanal 14,781 24.6
2 Pentanone 6,975 21.2
Butanoic acid 3,130 6.3
Acetoin 300,760 17.3
Ethylbutyrate 54 36.2
Undecane 5,5-dimethyl 997 41.3
Pentamethylheptane 416 18.1
Limonene 696 53.6
2-Heptanone 13,425 5.3
Hexanoic acid 1,782 15.2
Ethylcaproate 2,072 168.6
2-Nonanone 3,403 22.3
Octanoic acid 4,528 31.3
Ethyloctanoate 50 9.9

'n = number of biological replicates analyzed.
’ND = not detectable.

well. For Cheddar, the process required refinement,
because the salt is added before the last centrifugation
step, after which excess whey is still being removed,
leading to an additional reduction of sodium chloride
during this step. This reduction was compensated for
by increasing the initial amount of sodium chloride
added. The analysis of our cheeses showed a NaCl con-
centration of 3.0% (£0.1) and 2.9% (£0.3) (in DM) for
Gouda- and Cheddar-type cheese, respectively.

The average fat content in dry matter was measured
in pooled Gouda-type microcheeses and was determined
to be 40.2% (+£0.4), which is considerably lower than the
48% measured in industrial cheese manufactured with
the same standardized milk. Based on these results, the
fat loss for Gouda-type cheese in the microcheese sys-
tem was estimated to be approximately 19.0% (+0.4),
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which is significantly higher than the 7% normally ob-
served in industrially manufactured cheeses. Similarly,
an increased fat loss of 16.2% (£1.3) was observed with
the Cheddar-type protocol. The enhanced fat loss in
the microcheese system is most likely due to the small
curd size and the centrifugation steps in our protocol,
which favor phase separation. To assess the influence
of the lower fat content on the cheese microstructure,
CLSM images were generated for 3 individually manu-
factured microcheeses, and compared with industrially
produced Gouda-type cheese. The CSLM images ob-
tained for microcheese samples were similar to those
obtained with industrially made Gouda-type cheese
(Figure 4). Coalescence of the fat globules was clearly
present in the microcheese model system, indicating
a similar microstructure of the 2 sample types. These
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Figure 5. Multidimensional (Dim = dimension) scaling plot of GC-MS peak areas (Table 2) of volatile compounds measured in microcheese
after 42 d of cheese ripening. The analysis is based on supervised random forest, and the results allow distinguishing of 4 different types of
microcheese and industrially manufactured cheese. Gouda without adjunct (FR18, 0), Gouda with adjunct (FR18-APS, W), Cheddar without
adjunct (RA21, A), Cheddar with adjunct (RA21-FLAV54, A), and industrially manufactured Gouda (Jonge Beemster, *).

findings illustrate the fact that, despite the lower rela-
tive fat content in the microcheese compared with the
industrial cheese, the structural properties observed in
terms of fat coalescence are conserved.

Volatile Metabolites

To further compare the microcheeses with industrially
manufactured cheese, the levels of flavor volatiles were
determined in microcheeses using a high-throughput
GC-MS setup. Typical cheese flavor compounds could
be detected, including acetic acid, acetoin, butanoic
acid, diacetyl, ethylbutyrate, ethylhexanoate, ethyloc-
tanoate, 3-methylbutanal, hexanoic acid, limonene,
2-nonanon, pentanone, pentenal, and 2-propanon (Table
2). The areas under all identified peaks were used as a

measure to quantify the flavor compounds, and quanti-
fied data were subjected to detailed statistical analysis.
A multidimensional scaling plot showed that the rep-
licate microcheese samples clustered closely together
and that the 4 different types of cheese (Gouda- and
Cheddar-types with and without adjunct culture) could
be clearly distinguished (Figure 5). Consequently, a full
random forest classifier (classifying both ripening peri-
ods and starter compositions) based on the compound
data showed a low out-of-box prediction error estimate
of approximately 5%. Similarly, the difference between
samples with either 7 or 42 d ripening time could be
detected with high significance. In general, the samples
ripened for 42 d contained higher concentrations of
most flavor compounds, which is consistent with the
literature (Roginski, 2003). No significant differences

Journal of Dairy Science Vol. 92 No. 12, 2009
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Figure 6. Proteolysis in microcheese and industrially manufactured cheese as determined by reverse phase-HPLC. The levels of various casein
fractions and their degradation products are shown. Industrially manufactured cheeses (white bars) are compared with microcheeses (gray bars).
The 3 panels represent 14, 41, and 124 d of ripening time from top to bottom, respectively. Missing bars indicate that those peptides were not
detectable. The identified peptides are indicated on the x-axis and the peak areas are indicated on the y-axis. Error bars show standard devia-
tion (n = 4). Fragments ag;-Ia, ag;-Ib, and ag;-Ic are degradation products of ag-casein; fragment b-cas-1 is a degradation product of 3-casein.
With the exception of peptide ag-1b, the protein degradation in the 2 types of cheese is very similar.

were detected for the same type of microcheeses pro-
duced on different days. Flavor profiles of a control
sample (Jonge Beemster) used in the GC-MS analysis
confirm the global resemblance between microcheese
and industrial cheese, yet these profiles allowed us to
distinguish all analyzed cheeses (Figure 5). Further-
more, Gouda-type microcheeses manufactured with the
APS adjunct culture showed many similarities to their
industrially manufactured counterpart, Proosdij-type
cheese (Neeter et al., 1996).

Bacterial Growth and Survival

The number of bacterial colony-forming units per
gram of microcheese manufactured with a Gouda-type
protocol was determined 2 and 27 d after the cheeses
were produced, and approximately 2 x 10” cfu and 1 x

Journal of Dairy Science Vol. 92 No. 12, 2009

10® cfu per gram of cheese were recovered after 2 and
27 d of cheese ripening, respectively. These results are
comparable to the counts detected in industrial cheeses
(Ayad et al., 2000, 2001).

Comparison of Microcheese and Industrial Cheese

To obtain a direct comparison between traditionally
manufactured cheese and the microcheese model, the
same raw materials were used for manufacturing both
types of cheese with the same specifications. Based
on previously published information (Exterkate et al.,
2001), RP-HPLC analysis of microcheese and industrial
cheese samples allowed the identification of individual
peptide fragments (Figure 6). In both types of cheese,
the ag-, age-, B-casein, and para-k-casein fractions
were present at similar levels and their changes over
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Figure 7. Quantification of volatile flavor compounds as measured in a conventionally produced cheese (white bars) and microcheese (gray
bars) after 41 d of ripening. Error bars show standard deviation (n = 5). The identified compounds are given on the x-axis and peak areas are
given on the y-axis. Overall, the data obtained from microcheese and industrial cheese show good correlation.

time were in good agreement. Their degradation prod-
ucts, agi-la, agi-Ic, and (-casein-I, were also in very
good agreement between the 2 types of cheese at all
ripening times. The only difference detected between
the RP-HPLC profiles was the appearance of the ag-Ib
fraction, which was increased after 41 d of ripening and
decreased after 124 d of ripening in industrial cheese
compared with microcheese. This suggests a higher
turnover rate of this peptide in industrial cheese. In
addition to the clearly identifiable peaks, the overall
comparison of the samples of both cheeses yielded
very similar elution profiles (data not shown). Taken
together, the detected time-dependent degradation of
milk proteins is similar in both types of cheese and
consistent with the literature (Visser, 1993).

Flavor compounds were quantified by determining
peak areas of GC-MS analysis (Figure 7). The overall
correlation coefficients (R) for the 14-; 41-, and 124-d-
old samples were calculated to be 0.95, 0.97, and 0.92,
respectively. Small differences were measured for the
short-chain aldehydes butanal, 3-methylbutanal, and

2-methylbutanal, which were 2.6-, 2.6-, and 2.1-fold
higher, respectively, in microcheese compared with con-
ventional cheese (Figure 7). In addition, 2-propanone
appeared to be present at a higher level in microcheese,
whereas 2-butanon levels were higher in conventional
cheese. All other compounds measured (e.g., diacetyl,
acetoin, butanol, 2-pentanone, and dimethyl-disulfide)
displayed a very good quantitative correlation between
the 2 cheeses.

Overall, using exactly the same raw materials, the
microcheese model system generated similar results
compared with industrial cheese over extended ripening
times, exemplifying the suitability of the model system
for screening purposes with good up-scaling extrapola-
tion characteristics.

MetC and BcKAD Overproducers
as Adjunct Cultures

To further investigate the starter culture screening
potential offered by the microcheese model, the effect

Journal of Dairy Science Vol. 92 No. 12, 2009
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of the addition of selected adjunct starter cultures in
the Gouda-type microcheese was evaluated. The use
of an adjunct culture that overproduced MetC and
its cognate deletion mutants resulted in no significant
differences in flavor profiles (data not shown). These
results are consistent with data obtained from indus-
trial cheese, where sensory analysis revealed no effect
by overexpressing MetC [P. Bruinenberg (DSM Food
Specialties, Delft, the Netherlands), J. A. Wouters,
M. Twigt, J. Muller-Beenhakkers, T. Jansen-van den
Bosch, G. Rutten, (all NIZO Food Research, Ede, the
Netherlands), R. van Kranenburg (Purac, Gorinchem,
the Netherlands), G. Smit (Unilever Food and Health,
Vlaardingen, the Netherlands), and J. E. T. van Hylcka-
ma Vlieg (Danone Research, Palaiseau Cedex, France;
unpublished data). Moreover, Gouda-type microcheeses
were manufactured using strain L. lactis B1157 as an
adjunct culture. This strain is known to express high
levels of the BcKAD enzyme, which is known to catalyze
the formation of aldehydes from a-keto-acids (Smit et
al., 2005a). The ability of strain B1157 to form relatively
high concentrations of 3-methylbutanal was established
in a laboratory medium (Smit et al., 2005a) as well as
in a cheese model system (Ayad et al., 1999) and in
industrially manufactured cheese (Ayad et al., 2000). In
addition, microcheeses were manufactured containing
adjunct culture B2083, a B1157 derivative in which the
bckad gene has been inactivated or a genetically engi-
neered strain (NZ9000-pNZ7500), and where BcKAD
is expressed at a high level after induction of the nisin-
controlled expression system (Smit et al., 2005a). After
41 d of cheese ripening, microcheeses produced with
strains B1157 and NZ9000-pNZ7500 cultures contained
7.6- and 5.3-fold increased 3-methylbutanal levels,
respectively, compared with the control microcheeses
(Figure 8). Both differences are highly significant (P <
0.001) and are consistent with differences observed in
cheeses produced with the same cultures on an indus-
trial scale (Ayad et al., 2000). These findings demon-
strate that the microcheese model allows the accurate
prediction of the flavor profile effect of modulation of a
single enzyme in the starter culture, both for enzymes
that generate a flavor effect as well as enzymes that
do not. Therefore, these results underline the advanced
predictive value of the microcheese model compared
with liquid culture screening results, which suggested
that MetC overproduction might affect cheese flavor
profiles (Fernandez et al., 2000).

DISCUSSION

Here we describe a high-throughput cheese-manufac-
turing model, which was benchmarked against industri-
ally manufactured cheese. The results demonstrate that
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Figure 8. Gouda microcheese production with (engineered) ad-
juncts, high in 3-methylbutanal production, and the isogenic control
strains. Peak areas of 3-methylbutanal concentrations as measured
after 41 d of ripening. The indicated strains are Lactococcus lactis
B1157 (n = 4); a derivative with an inactivated branched-chain a-keto
acid decaboxylase (bckad) gene B2083 (n = 5); a bekad overexpression
strain NZ9000 pNZ7500 (n = 5); and a corresponding control strain
MG1363 (n = 5). Whiskers show the total range of measured values.
The boxes show the median and the 25th and 75th percentiles.

the physicochemical parameters of microcheese closely
resemble those of industrial cheese and show high
reproducibility between individually manufactured mi-
crocheeses. Undoubtedly, key parameters measured in
relation to the suitability of the microcheese model for
screening purposes is the determination of proteolytic
and volatile metabolite profiles during cheese ripening.
Many aspects of the degradation pattern of milk pro-
teins in the microcheese model were highly similar to
industrially produced cheese (Figure 7). Furthermore,
clear parallels were observed in profiles of time-depen-
dent production of volatile flavor compounds during
cheese ripening in microcheeses and industrial cheeses.
The Gouda-type microcheese produced with the APS
adjunct culture resembled the commercially produced
Proosdij-type cheese, which has been extensively char-
acterized (Neeter et al., 1996; Ayad et al., 2003). Volatile
compounds such as 2-propanon, acetoin, diacetyl, ace-
tic acid, 3-methylbutanal, 2-pentanone, ethylbutyrate,
limonene, hexanoic acid, 2-nonanone, 2-heptanone, and
ethylcaproate were found in microcheeses as well as
in their industrial counterparts (Neeter et al., 1996).
Microcheese samples were obtained after 7 and 42 d of
ripening and an increase of all of the above compounds
during the ripening period was identified, which can
be compared with the described flavor development
in industrially produced cheese (Neeter et al., 1996).
The influence of the APS adjunct culture on Gouda-
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type cheese flavor profiles is subtle and the difference
in taste is partially determined by the ratios of differ-
ent volatile compounds to each other. The statistical
analysis of microcheeses manufactured with and with-
out APS adjunct allowed us to distinguish the 2 types
of cheese. One of the key flavor compounds known to
play an important role in the flavor of Proosdij-type
cheese is 3-methylbutanal. In agreement with results
from industrial cheeses (Neeter et al., 1996), we found
increased concentrations of 3-methylbutanal in micro-
cheese manufactured with the APS adjunct culture.
However, this difference was much more pronounced
in 1-wk-old microcheeses (2.9-fold increase with APS)
than in 6-wk-old microcheeses (1.2-fold increase with
APS). Such a decrease of 3-methylbutanal with rip-
ening time has been observed before in industrially
manufactured cheese and it is speculated that this de-
crease is caused by the conversion of the aldehyde to
the corresponding alcohol (Ayad et al., 2003). For the
production of Cheddar-type microcheese, commercially
available starter cultures were used. The Cheddar ad-
junct culture used is known to enhance the sweet note
of cheese. The most distinguished difference caused by
the Cheddar adjunct Flavb4 in the microcheese system
was a significant increase in the concentration of acetic
acid (4.1-fold). Increased concentrations of acetic acid
were correlated to the sweetness of cheese (Biede and
Hammond, 1979), which would be consistent with our
findings. Moreover, the predictive value of flavor vola-
tile patterns obtained from the microcheese model was
established by a direct comparison of the model with
the normal cheese production process, using the same
raw materials, which was further confirmed by the
designed manipulation of the 3-methylbutanal levels
using engineered adjunct starter cultures (Smit et al.,
2005a; Figures 7 and 8).

The obvious and unavoidable differences between
the 2 systems used are the smaller curd size and the
larger volume:surface ratio, which cause some of the
differences observed between the 2 systems, including
the decreased fat content in the microcheese model and
the slight deviations in flavor profiles. Nevertheless,
despite the lower fat content, the microstructure of the
microcheeses was comparable to that of industrially
produced cheese.

Taken together, our data support the conclusion that
the microcheeses manufactured in a high-throughput
format resemble most key properties of conventionally
manufactured cheese. The data show that the micro-
cheese model offers a potential high-throughput system
for a variety of screening purposes. Therefore, current
activities focus on (further) automation of the described
protocol to enhance its throughput and improve, for
example, the reproducibility of stirring intensities.
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The protocols will be extended to additional cheese
types such as Emmental and soft cheeses. In addition
to offering a valuable screening platform for cheese
product development, the model also enables the effec-
tive investigation of fundamental questions related to
cheese manufacturing and in situ bacterial physiology
and genetics. In relation to the latter we have recently
developed an improved recombinant in vivo expression
technology (R-IVET) system in L. lactis (Bachmann et
al., 2008), which has been applied to monitor real-time
in situ L. lactis gene expression in individual micro-
cheeses using luciferase as a reporter (Bachmann et al.,
2009).

Based on the unprecedented throughput offered by
the microcheese model, a range of microbial screening
possibilities can be foreseen, including the screening of
microbial culture collections for desired flavor-forming
capacities, the screening of bacterial mutant libraries,
the assessment of microbial viability during the ripening
process, and the expression of relevant enzyme activi-
ties in situ. In addition, the model appears suitable for
the evaluation of variations in processing conditions,
the addition of enzymes, and so on. Finally, any of
these screening approaches may readily be combined
with altered and desired physicochemical parameters of
the cheese matrix, such as the reduction of the fat or
salt content of cheese, which may offer avenues for the
identification of dedicated starter cultures or enzymes
able to compensate for flavor and texture defects in
these novel cheese matrices.
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