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The diversity of French fungus-ripened cheeses is due partly to the succession of fungi that colonize the
cheese during ripening. Geotrichum candidum appears in the early stages of ripening on soft cheeses such as
Camembert and semihard cheeses such as St. Nectaire and Reblochon. Its lipases and proteases promote flavor
development, and its aminopeptidases reduce bitterness imparted by low-molecular-weight peptides in cheese.
We assessed the genetic diversity of G. candidum strains by using random amplification of polymorphic DNA
(RAPD)-PCR correlated with phenotypic tests for carbon assimilation and salt tolerance. Strains were isolated
from milk, curd, and cheese collected in seven major cheesemaking regions of France. Sixty-four isolates were
characterized. We found high genetic diversity of G. candidum even within the same cheesemaking regions.
Strains did not group according to region. All of the strains from the Haute-Savoie were able to assimilate
lactate as the sole source of carbon, while lactate assimilation varied among strains from the Auvergne. Strains
varied in D-mannitol assimilation, and none used citrate as the sole source of carbon. Yeast-like colony
morphology predominated in Reblochon, while all of the strains isolated from St. Nectaire were filamentous.
The RAPD-PCR technique readily differentiated Geotrichum fragrans isolated from milk and curd in a St.
Nectaire cheesemaking facility. This study reveals an enormous diversity of G. candidum that has been
empirically selected through the centuries by the cheesemakers of France.

Over the centuries, cheesemakers have optimized produc-
tion techniques to select empirically for native strains of mi-
croorganisms that produced the best cheeses. Since many tra-
ditional cheesemaking methods remain closely guarded family
secrets, the diversity of microbial populations that have devel-
oped in primitive cheesemaking environments is largely un-
characterized. As cheesemaking has become more industrial-
ized, pasteurized milk and standardized bacterial and fungal
inocula have been introduced to ensure consistent product
quality. However, the production of raw-milk cheeses is still
significant, with 700,000 tons being made annually in Europe,
especially in France, Switzerland, Italy, Spain, and Greece
(19). The market for artisanal cheeses is growing as consumers
seek organic foods with diverse sensory characteristics.

The establishment of the European Economic Community
has prompted a new awareness of each country’s regional
products that reflect the cultural and environmental character-
istics of particular locales (3). It has also stimulated a desire to
understand and protect the diversity of agricultural products
that result from the biochemical activities of bacteria and fungi
(6). Efforts have been made to define the biochemical and
microbiological characteristics of traditional cheeses unique to
specific geographical regions (7, 17, 18, 32, 37).

Geotrichum candidum is a fungus that colonizes nearly all
fungal surface-ripened cheeses during the early stages of rip-
ening (4). On some cheeses, like St. Marcellin, it is responsible

for the appearance of the cheese, imparting a uniform, white,
velvety coat to the surface (26). On soft cheeses, such as Cam-
embert, and semihard cheeses, such as St. Nectaire and Re-
blochon, the biochemical attributes of G. candidum impact the
course of cheese ripening. Lipases and proteases of G. candi-
dum release fatty acids and peptides that can be metabolized
by ensuing microbial populations and that contribute to the
development of distinctive flavors and other qualities (5, 25, 27,
31). G. candidum reduces bitterness in industrial Camemberts
through the activity of its aminopeptidases that hydrolyze low-
molecular-weight hydrophobic peptides originating from the
degradation of �-casein by Penicillium camemberti (1, 33, 34,
49). It also contributes an aroma similar to that of traditional
Norman Camembert (28, 40, 48). G. candidum neutralizes the
curd by catabolizing lactic acid produced by lactic acid bacteria
and by releasing ammonia during the metabolism of amino
acids (20). The latter activity prepares the cheese surface for
colonization by acid-sensitive bacteria such as Brevibacterium
sp. (12, 43). Metabolites produced by G. candidum can also
inhibit Listeria monocytogenes (10, 11).

G. candidum is the anamorph of Galactomyces geotrichum.
Both form septate hyphae that disarticulate into arthroconidia
and do not form budding yeast cells (47). G. candidum groups
phylogenetically with ascomycetous yeast-like fungi along with
Dipodascus spp. (51). Within the taxon, considerable morpho-
logical variation occurs between strains. Three basic morphol-
ogies have been described: strains with yeast-like colonies that
produce abundant arthrospores and have generally low pro-
teolytic activity, strains whose colonies are white and resemble
filamentous fungi with a predominance of hyphae and high
proteolytic activity, and those that fall in between (26). The
strain of G. candidum that predominates on a cheese rind
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helps to determine the texture, cohesiveness, and thickness of
the rind. Some less desirable strains create unstable rinds that
disintegrate when the young cheeses are turned. Others can
lead to irregular growth of ensuing fungal populations or may
provide the opportunity for contamination by blue molds or
Mucor spp. (9, 23, 26). Some strains of G. candidum, however,
inhibit the growth and/or sporulation of Mucor spp. (24). The
population density of strains also has an effect on cheese rip-
ening; a less dense covering facilitates gas exchange across the
surface of the cheese.

Although G. candidum strains are readily isolated from dairy
products, few studies have assessed the genetic diversity of
strains that exist in traditional cheesemaking facilities. This
issue is important since the industry trend toward standardiza-
tion of inocula and ripening conditions may lead to the loss of
empirically derived biodiversity. Prillinger et al. (38) have used
random amplification of polymorphic DNA (RAPD)-PCR to
classify isolates of the genus Geotrichum at the species level,
but no reports are available on the use of RAPD-PCR for the
differentiation of strains of G. candidum or for estimation of
the diversity of strains in native cheeses. In this study, we used
the RAPD-PCR technique to assess the genetic diversity of G.
candidum isolated from a variety of fungus-ripened cheeses in
seven regions of France. RAPD-PCR is useful for the assess-
ment of genetic relatedness between closely related species
and for the differentiation of strains of a species (29, 35, 45, 50,
52, 53). Phenotypic tests such as morphology, carbon source
utilization, and salt tolerance, chosen for their relevance to
cheese technology, were also done.

MATERIALS AND METHODS

Collection of G. candidum isolates. The origins of the isolated strains are
shown in Table 1. Samples of milk, curd, and cheese were collected from tradi-
tional facilities producing 11 types of soft and semihard cheeses in Normandie,
Lorraine, Champagne-Ardenne, Bourgogne, Franche-Comté, Haute Savoie, and
Auvergne (Fig. 1). In some cases, samples of cheese from the same batch were
collected after 1 week and again at the end of the ripening period. Samples were
frozen until processed in the laboratory.

To isolate G. candidum, approximately 1 g of milk or cheese rind was added
to 5.0 ml of YEG broth (1% yeast extract [bioMérieux, Marcy-l’Etoile, France],
1% glucose) and incubated at 25°C until the formation of a pellicle. YEG agar
plates were streaked with the liquid cultures and incubated at 25°C for 48 h.
Colonies whose morphology resembled that of G. candidum were restreaked to
obtain a pure culture. To confirm the identification of G. candidum, assimilation
of D-xylose (�), cellobiose (�), and maltose (�) as sole sources of carbon was
tested (26). For long-term storage, sterile skim milk (5.0 ml) was inoculated with
purified cultures and incubated at 25°C for 48 h. Samples (0.2 ml) of the culture
were lyophilized (Edwards Modulo 4 K Freeze Dryer; RUA instruments, Farm-
outiers, France) and stored at 4.0°C until characterized.

To characterize the strains, 54 isolates were resuspended from the lyophilized
state in YEG broth and streaked onto YEG agar. The provenances of all of the
isolates, as well as 10 strains from the collection of the Laboratoire de Micro-
biologie Alimentaire, Université de Caen Basse-Normandie, Caen, France, and
one isolate each from the United States and Switzerland, are listed in Table 1.
The 175 isolates collected in France reside in the collection of the Institut
National de la Recherche Agronomique, Poligny, France.

Physiological tests. For carbon source utilization studies, strains from the
lyophilized stock were grown on YEG agar for 48 h at 25°C. A loopful of G.
candidum was resuspended in 1.0 ml of sterile 0.9% saline. Tubes of yeast
nitrogen base broth (Difco, Detroit, Mich.) containing a final concentration of
0.5% D-mannitol, DL-sodium lactate, sodium citrate, or glucose, as well as a
control without a carbon source, were then inoculated with 50 �l of the cell
suspension in duplicate. The A650 was measured at time zero and 5 days later.
Controls were done to determine if residual glucose in unwashed cells of G.
candidum grown on YEG interfered with the results; washed and unwashed cells
gave the same results.

Since all of the isolates tested did not assimilate citrate under these conditions,
they were also tested on Simmons citrate medium (Difco). Testing of a citrate-
positive yeast strain in both types of media gave good growth. Since citrate is a
chelating agent that can inhibit growth, an experiment was also carried out in
which various concentrations of citrate were added to yeast nitrogen base (Difco)
medium with other sources of carbon known to be assimilated by G. candidum.

The salt tolerance of the isolates was tested by using solid YEG medium
supplemented with 0, 1.0, 1.5, 2.0, 2.5, and 3.0% NaCl. Ten microliters of a
suspension of G. candidum was pipetted onto the centers of plates of the me-
dium, and after drying, the diameter of each spot was marked and measured. The
increase in the diameter of the spot was calculated after 2, 4, 6, and 8 days of
growth at 25°C. Each strain was tested in duplicate.

Morphology. Isolates were inoculated in duplicate on YEG agar plates and
incubated at 25°C in the dark for 3 days. The macroscopic appearance of the
colonies was observed to determine the type of morphology: yeast-like, filamen-
tous, or intermediate. In some cases, the colonies were tested for resistance to
touch, a technique used to evaluate whether a strain feels greasy, feels powdery,
releases water, or peels off the agar when touched. Isolates were grown in the
dark since light can inhibit the growth of G. candidum on solid media (23).

DNA extraction. Cultures were grown in 30 ml of YEG broth in 150-ml
Erlenmeyer flasks with agitation at 25°C for 18 h. Each culture was screened
microscopically to check for purity and degree of sporulation. DNA was pre-
pared from the cells when arthrospores dominated in the culture at about 18 h.
A sample (2 ml) of each culture was pipetted into a microcentrifuge tube and
centrifuged for 15 min at 16,000 � g. The supernatant was removed and dis-
carded, and 1.0 ml of sterile filtered, deionized water was added. The tube was
vortexed for 10 s and centrifuged for 15 min at 16,000 � g. The washing was
repeated twice with 0.5 ml of water, and the pellet was saved.

For DNA isolation, 200 �l of InstaGene Matrix (Bio-Rad, Hercules, Calif.)
was added to the pellet of washed cells and the tube was vortexed for 10 s and
then incubated in a 56°C water bath for 25 min. The tube was again vortexed for
10 s and then placed in a boiling water bath for 8 min. The tube was vortexed for
10 s and then centrifuged at 16,000 � g for 3 min. The supernatant was trans-
ferred to sterile 1.5-ml centrifuge tubes, and 5.0 �l of RNase (Boehringer Mann-
heim, Meylan, France) was added. After incubation at 37°C for 20 min, the tube
was stored at �20°C.

PCR. To identify discriminatory primers, a total of 55 primers, including
Operon Technologies Primer Kits A and T (Operon Technologies, Alameda,
Calif.), were tested on 10 isolates. Three primers, OPA-19 (5� CAAACGTCGG
3�), OPT-12 (5� GGGTGTGGAG 3�), and OPT-15 (5� GGATGCCACT 3�),
were identified as informative.

The PCR was carried out in 50-�l reaction mixtures that contained the fol-

FIG. 1. Map of France showing the seven cheesemaking regions
from which the isolates of G. candidum characterized in this study
were collected. Milk, curd, and cheese samples were collected from
traditional facilities making 11 types of soft and semihard cheeses. For
details, see Table 1.
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TABLE 1. Origins of Geotrichum isolates used in this study

Straina Sampleb Cheese Region

GC1 F (4) Chevre Normandie
GC5 F (6) Camembert Normandie
GC12 F (3) Camembert Normandie
GC13 F (6) Camembert Normandie
GC21 F (7) Chevre Normandie
GC25 F (30) Chevre Normandie
GC28 F (21) Chevre Normandie
GC34 L Camembert Normandie
GC37 L Camembert Normandie
GC39 F (15) Chevre Normandie
GC41 L Camembert Normandie
GC43 C Mont d’Or Franche-Comté (Haut Doubs)
GC44 C Reblochon Haute Savoie
GC45 L Mont d’Or Franche-Comté (Haut Doubs)
GC46 C Reblochon Haute Savoie
GC51 C Reblochon Haute Savoie
GC59 F (7) Tomme de Savoie Haute Savoie
GC60 F (35) Reblochon Haute Savoie
GC63 F (35) Reblochon Haute Savoie
GC64 F (67) Tomme de Savoie Haute Savoie
GC74 F (7) Reblochon Haute Savoie
GC76 F (8) Mont d’Or Franche-Comté (Haut Doubs)
GC79 F (21) Mont d’Or Franche-Comté (Haut Doubs)
GC82 C Epoisses Bourgogne
GC84 L Epoisses Bourgogne
GC88 F (8) St. Nectaire Auvergne
GC90 F (21) Reblochon Haute Savoie
GC94 F (7) Reblochon Haute Savoie
GC96 F (21) Reblochon Haute Savoie
GC97 F (7) Reblochon Haute Savoie
GC100 F (11) St. Nectaire Auvergne
GC101 F (13) St. Nectaire Auvergne
GC103 F (11) St. Nectaire Auvergne
GC105 L St. Nectaire Auvergne
GC108 L St. Nectaire Auvergne
GC110 C St. Nectaire Auvergne
GC120 C St. Nectaire Auvergne
GC125 L St. Nectaire Auvergne
GC127 F (21) Brie de Meaux Lorraine
GC128 F (21) Coulommiers Lorraine
GC129 F (16) Chaource Champagne-Ardenne
GC139 F (101) St. Nectaire Auvergne
GC144 F (6) Morbier Franche-Comté (Haut Doubs)
GC146 C St. Nectaire Auvergne
GC148 F (102) St. Nectaire Auvergne
GC58 F (7) St. Nectaire Auvergne
GC159 F (60) St. Nectaire Auvergne
GC164 F (7) Reblochon Haute Savoie
GC166 F (7) Reblochon Haute Savoie
GC172 F (45) Bethlehem Connecticut
GC175 F (10) Chevre Switzerland
GCU10c CR Unknown Normandie
GCU41c F St. Nectaire Auvergne
GCU81c F Pont l’Eveque Normandie
GCU160c F Chevre Poitou
GCU193c F Tomme Vaudoise Switzerland
GCU219c F Manchego Spain
GCU234c F Bleu de Gex Franche-Comté (Haut Jura)
GCU354c L Unknown Normandie
GCU442c L Unknown Normandie
GCU477c F Perladon Aude
GF107 L St. Nectaire Auvergne
GF147 C St. Nectaire Auvergne
GF152 L St. Nectaire Auvergne

a GC, G. candidum; GF, G. fragrans.
b F, cheese, followed by days ripened (in parentheses); L, milk; C, curd; CR, cream.
c University of Caen collection.
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lowing (final concentrations): 10 mM Tris-HCl buffer (pH 9.0 at 25°C); 200 �M
each dATP, dCTP, dGTP, and dTTP (Boehringer Mannheim); 1.5 mM MgCl2;
7.0 to 8.0 �M primer; 2.5 U of Taq DNA polymerase (Qbiogene-Quantum
Appligene); and 20 �l of the DNA template solution. DNA was amplified by
using a Perkin-Elmer model 9600 thermal cycler (Perkin-Elmer, Roissy, France)
with the following temperature profile: 94°C for 5 min; 35 cycles of denaturation
at 94°C for 1 min, annealing for 2 min at 34.0°C, and extension for 2 min at
72.0°C; and then holding at 4.0°C. Amplification products were analyzed by
horizontal gel electrophoresis in 1.0% SeaKem GTG agarose (FMC Corp.,
Rockland, Maine). A control containing all of the PCR components minus the
DNA template was run on each gel. A 123-bp DNA ladder (Gibco BRL Life
Technologies) was included in the middle and outside lanes. Amplicons were
detected by ethidium bromide (7.5 �g/ml) staining. The gels were photographed
under a UV lamp by using Polaroid 665 negative film. The negatives were
scanned, and the images were saved as TIFF files for computerized analysis.

Gel analysis. The GelCompar Program, version 4.0 (Applied Maths, Kortrijk,
Belgium), was used to analyze the gels. The normalization settings used were as
follows: a resolution of 500 points, a smoothing factor of 3, and background
subtraction by the rolling-disk method with an intensity setting of 12. The Dice
similarity coefficient was used for band matching, and the patterns were clustered
by the unweighted pair group method using arithmetic averages.

Reproducibility study. To determine the minimum percent similarity neces-
sary for strain discrimination, a reproducibility study was done on five isolates by
using three primers and four iterations of the entire procedure, beginning with
culture inoculation. Each isolate was grown in four separate cultures from which
DNAs were extracted and amplified by using three different primers in separate
reaction tubes for a total of 12 reactions for each strain. The amplification
products obtained from the same primer for two replicates of each isolate were
run on one gel. Amplicons from the other two replicates were run on another gel
to estimate gel effects (Fig. 2).

RESULTS AND DISCUSSION

Reproducibility of the technique and PCR conditions. Of
the 55 candidate primers tested for discriminatory ability, three
(OPA-19, OPT-12, and OPT-15) were identified as the most
informative. Five strains (GC84, GC105, GC108, GC148, and
GC172) were selected with which to conduct a reproducibility
study to estimate the similarity level at which each strain could

be reliably differentiated. Banding patterns obtained by using
each isolate with each primer were concatenated and analyzed
as a composite by the GelCompar program. Figure 2 shows
data compiled from six separate gels (duplicate gels for each of
three primers). Two replicates (1 and 2) of each strain-primer
combination were run on one gel, and the other two replicates
(3 and 4) were run on a separate gel. Reproducibility was not
gel dependent. For example, the branching order for strain
GC108 pairs replicates 3 and 2 as 95% similar and 4 and 1 as
95% similar, with 91% similarity between the pairs of repli-
cates. A similar topology is evident for the other strains in Fig.
2. Isolate GC105 yielded a similarity value of 88.3% for one of
the four replicates. Each of the other strains had greater than
91% similarity between replicates. Therefore, we have used
88.0% similarity as the level for strain differentiation.

An annealing temperature of 34°C with 35 cycles gave the
best results. The use of a low annealing temperature with many
cycles increases the risk of nonspecific amplification (44). For
this reason, a negative control without template DNA was
included for each set of amplifications. Primer-derived non-
specific amplification products in negative control reactions
have been reported to be common when short random primers
are used (36).

We found that the age of the culture was important for
efficient DNA extraction and amplification. Eighteen-hour cul-
tures in which germinating arthrospores were seen to predom-
inate were optimal for DNA extraction. Older cultures con-
sisting predominantly of vegetative hyphae did not produce
strong bands. Although DNA extraction by boiling of cells is
rapid, structural and DNA-binding proteins may interfere with
PCR amplification. We found that treatment of washed cells
with the InstaGene matrix gave stronger and clearer banding
patterns, possibly due to the absorption of cell lysis products
(42).

Overall diversity of strains. Figure 3 shows a dendrogram
derived by GelCompar analysis of 64 isolates tested with three
primers. The banding patterns (not shown) were similar in
quality to those shown in Fig. 2. The results of the DL-lactate
and D-mannitol assimilation studies are tabulated to the right.
Eighty-six percent of the isolates were positive for growth on
DL-lactate in yeast nitrogen base. Deacidification of curd
through the metabolism of lactate is recognized as a major
activity of G. candidum in the early stages of the ripening of
mold-ripened cheeses (21). Fresh Brie and Camembert con-
tain about 1% lactate produced by lactose fermentation by
lactic acid bacteria (15). The seven isolates from Brie and
Camembert in our collection were positive for lactate assimila-
tion.

Some strains from St. Nectaire did not grow on lactate.
Lactate may be less abundant in St. Nectaire since water added
to the curds and whey throughout the cheesemaking process
removes much of the lactose from the curd (46). Lactose com-
prises 70% of the total solids in whey (13).

The carbon source utilization results are generally consistent
within clusters of strains that branch above 88%. Below this
value, the patterns of carbon utilization vary. These patterns
support the conclusion derived from the reproducibility studies
that isolates clustering above 88% represent closely related or
identical strains of G. candidum. At this threshold value, 48
separate groups can be distinguished.

FIG. 2. Reproducibility study. RAPD profiles and a similarity den-
drogram generated in the study of five strains tested four times by
using primers OPA-19, OPT-12, and OPT-15 as described in the text.
Photographic negatives of stained gels showing DNA fragments from
RAPD-PCR were scanned into TIFF files and compiled and analyzed
by GelCompar as described in Materials and Methods. Shown is a
combination of six separate gels and 60 separate amplifications that
were concatenated and analyzed as a composite gel. The dashed line
indicates the 88% level, above which strains are considered the same.
The concatenated gels are shown on the right.
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Biogeography of similar strains. No correlation was found
between the regions from which strains were isolated and clus-
tering patterns. The same or very similar strains were isolated
from widely different regions. For example, GC144 and GC146
are from a Morbier in the Haut Doubs and St. Nectaire curd in
the Auvergne. The most distantly collected yet similar strains
are GC76 and GC172. GC76 is from a Mont d’Or in the Haut

Doubs, and GC172 is from a St. Nectaire-type cheese manu-
factured in Bethlehem, Conn. Therefore, similar or identical
strains are ubiquitous throughout France and probably the
world.

GC34, isolated from the milk of a Camembert-making facil-
ity in Normandie, and GC128, from a 21-day-old Coulommiers
made in Lorraine, also exhibit more than 90% similarity. How-

FIG. 3. Dendrogram, created by using GelCompar, showing relationships between G. candidum strains. The percent similarity scale indicates
the coefficients of similarity between strains calculated from the concatenated gels by the unweighted pair group method using arithmetic averages.
G. fragrans strains are indicated. The results for assimilation of DL-lactate and D-mannitol as sole sources of carbon are shown to the right of the
strain designations. �, negative; (�), weakly positive; �, positive; ��, strongly positive.
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ever, both dairies use a commercial inoculum (Arôme Nor-
man) at certain times of the year and although the starter was
not added when our samples were obtained, this strain may
have colonized the cheesemaking environments.

Seven of the 10 strains tested from the University of Caen
collection (GCU prefix in Fig. 3) grouped closely together
despite their diverse geographic origins (Table 1). The remain-
ing three strains from this collection (GCU41, GCU219, and
GCU354) were very different and constitute separate strains in
Fig. 3.

Diversity within a cheesemaking facility. Some strain groups
were found within the same cheesemaking facility at different
times during ripening. For example, the four closely related
strains at the top of Fig. 3, GC63, GC59, GC64, and GC60,
were isolated from two 35-day-old Reblochon cheeses and two
7-day-old Tomme de Savoie cheeses produced and ripened in
the same facility in Annecy, Haute Savoie. The isolates have
very similar yeast-like morphologies and are positive for lactate
utilization and strongly positive for D-mannitol utilization. Iso-
late GC60, which is the only one of the four that is strongly
positive for lactate assimilation, has 87% similarity to the other
three isolates. The latter are 94% similar to one another and
are probably the same strain. A different strain (GC74) was
also isolated from a 7-day-old Reblochon cheese in the same
facility. This strain has a filamentous morphology.

A similarly diverse set of five strains was isolated from a farm
that was located 19 km from Annecy and that also produced
Reblochon. Strain GC44 from the curd had the same morphol-
ogy as four isolates from Annecy but its RAPD profile is only
81% similar and it does not grow on D-mannitol. Strains GC97,
GC94, and GC90 are similar to each other but show less than
30% similarity to the rest of the collection. GC97 and GC94
were isolated from two different 7-day-old cheeses, and GC90
and GC96 came from 21-day-old cheeses. GC96 constitutes a
separate strain. Altogether, this farm yielded at least four dif-
ferent strains.

Similar diversity was found among strains isolated from in-
dividual facilities making Camembert (GC5, GC12, GC13, and
GC41) and goat cheese (chevre) (GC21, GC25, GC28, and
GC39) in Normandie, Mont d’Or in Haut Doubs (GC43,
GC45, GC76 and GC79), and St. Nectaire in the Auvergne
(GC103, GC107, GC108, GC139, GC147, and GC152). Strains
GF107, GC147, and GC152 have been identified as a separate
species of Geotrichum, G. fragrans (see below).

Some pairs of isolates from milk and curd of the same
facilities showed 90% or greater similarity and had similar
morphology and carbon assimilation profiles. For example,
GC84 and GC82 from Epoisses and GC45 and GC43 from
Mont d’Or were isolated from the milk and curd, respectively,
of the same facility. This observation suggests that a strain can
be followed during the cheesemaking process.

Although isolates did not group according to cheese type, all
12 strains from Reblochon from three different facilities were
positive for lactate assimilation (Fig. 3). The cheesemaking
operations used yogurt as the source of their starter cultures.
The lactate content of yogurt may select G. candidum capable
of using lactate as a source of carbon. The whitish orange rind
characteristic of Reblochon is due to the presence of Brevibac-
terium linens and G. candidum, the only fungus found on this
cheese. Bärtschi et al. (2) found that from the time the curd is

pressed and drained to day 8 of ripening, the population of G.
candidum increased 1,000-fold. In metabolizing lactate, the
fungus lowers the acidity in the environment of the rind, which
allows subsequent colonization by the acid-sensitive bacterium
B. linens (30).

Regional diversity. Figure 4 shows the RAPD and carbon
assimilation profiles, as well as the salt tolerances, of G. can-
didum and G. fragrans isolates from seven St. Nectaire cheese-
making facilities. St. Nectaire has been made since the 17th
century in the Departments of Cantal and Puy de Dome, vol-
canic mountainous regions in the Auvergne (Fig. 1). Of the 37
French cheeses legally protected with the Appellation
d’Origine Contrôlée designation, St. Nectaire’s production is
the fifth largest nationally. About 13,873 tonnes was made in

FIG. 4. Collection of G. candidum and G. fragrans strains from the
Auvergne. (A) RAPD profiles and dendrogram, obtained by using
primers OPA-19, OPT-12, and OPT-15, showing relationships between
strains. According to the results of the reproducibility study (Fig. 2),
isolates showing less than 88.0% similarity are probably different
strains. Assimilation of DL-lactate (L) and D-mannitol (M) as sole
sources of carbon is indicated to the right of the strain designations. �,
negative; (�), weakly positive; �, positive; ��, strongly positive. (B)
NaCl tolerances of the same strains after 8 days of growth in YEG
medium containing different concentrations of NaCl (z axis). The y axis
indicates the colony diameter (in millimeters) from day 0 to day 8.
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1998, 44% of which was farmstead cheese made with raw milk
(http://www.beulet.fr/aoc.htm). These cheeses thus provide an
excellent source of regional diversity.

The isolates characterized here were taken from raw-milk
farmstead facilities in the Puy de Dome. These operations all
had their own milk sources and ripening facilities. The diversity
within this region is striking. The RAPD profiles and carbon
assimilation patterns of the four isolates shown at the top of
the dendrogram form a distinct cluster (Fig. 4A). Isolates
GC146 and GC110 seem to be the same strain, with 93%
similarity in their RAPD profiles. These isolates originated in
the curds of two different facilities located approximately 3.5
km apart. The other two isolates (GC158 and GC159) were
from 7- and 60-day-old cheese samples made from the same
curd from which GC146 was isolated.

GC105 and GC100 also appear to have the same RAPD
profile. They originated in milk and cheese from two facilities
within 2.6 km of one another. GC125 and GC101 cluster to-
gether, with 86% similarity between them, but as a pair are less
than 50% similar to the other strains. GC101 and GC148 were
isolated from cheese samples made with milk from which
GC125 originated. They differ from each other in carbon as-
similation and morphology. All of the isolates from St.
Nectaire, except GCU41, from the University of Caen collec-
tion, had a filamentous type of morphology.

The concentration of NaCl in cheese can vary from 0.7 to
8.0% (wt/wt). Salting affects flavor and moisture content and
inhibits the growth of undesirable microorganisms (14). G.
candidum is sensitive to salt (22, 26). Growth is inhibited at 1
to 2% NaCl, and no growth is observed at 5%. Soft cheeses like
Camembert and Brie have 1.5 to 2.0% (wt/wt) NaCl (13). In
contrast, blue cheeses, such as Roquefort, contain about 4.0%
(wt/wt) salt that helps select for Penicillium sp. strains that can
tolerate 5.0% NaCl (13). The salt content of the cheese and the
salt tolerance of fungi help determine the pattern of microbial
succession on a rind. Figure 4B shows the salt tolerance of the
18 isolates from St. Nectaire. Growth in 1% NaCl was better
than growth with no salt, and the colony diameters generally
dropped by about 30 to 50% as NaCl increased from 1 to 3%.
These results are consistent with the fact that traditional St.
Nectaire generally contains 1 to 1.3% (wt/wt) NaCl (23, 39).

G. fragrans. In Figures 3 and 4A and B, GF107, GF147, and
GF152 stand out from the rest of the strains. GF107 and
GF147 were isolated from one St. Nectaire facility (Table 1),
and GF152 was isolated from the same farm 3 months later.
The characteristics of the isolates are consistent with those of
G. fragrans. The colonies were tough, embedded, and difficult
to streak, and an unmistakable fruity fragrance was detected
when petri dishes were opened. Microscopically, arthrospores
and branched septate hyphae were present but the hyphae
were narrower than the hyphae of G. candidum. An annelation
was noted at the point of disarticulation of the hyphae. The
isolates were also negative for the assimilation of D-xylose,
cellobiose, and maltose and positive for lactate assimilation.
These are all characteristics typical of G. fragrans (8). The low
similarity between G. candidum and G. fragrans (Fig. 3) agrees
with previous studies showing that 20% genome similarity is
sufficient for differentiation of species (38). G. fragrans strains
are very sensitive to NaCl (Fig. 4B), which may explain why the

strain was isolated from milk and curd but not from cheese that
was salted on the day of manufacture.

The industrial production of St. Nectaire using pasteurized
milk began in 1964. At that time, it was feared that the indus-
trial product, considered by some to lack the character and
flavor of the traditional cheese, would supplant the farmstead
St. Nectaire (41). However, the production of artisanal cheeses
in the European community increased 65% from 1984 to 1996
(16), which may be due to the fact that consumers prefer the
diverse sensory characteristics of artisanal products to the uni-
formity made possible by pasteurization (19). One study found
that G. candidum is rarely found on industrial St. Nectaire,
while it was routinely isolated from farmstead St. Nectaire
made with raw milk throughout all stages of ripening (9). Our
study found 14 strains of G. candidum from seven farmstead
St. Nectaire facilities in the Puy de Dome region alone. Only
two pairs of strains were potential duplicates.

We have found a high degree of biodiversity in G. candidum
strains from seven cheesemaking regions of France. The re-
sults of carbon assimilation and salt tolerance tests suggest that
cheesemaking techniques play a role in strain selection. Native
strains of G. candidum could provide a rich source of cheese-
ripening enzymes that develop aroma and texture. Since much
of the flavor development associated with cheese ripening is
due to microbial activity, it seems likely that the diversity of G.
candidum strains that we have found may contribute to the
acknowledged diversity of flavor found in French cheeses. As
traditional cheesemaking techniques are threatened or have
been abandoned, the collection, characterization, and preser-
vation of native strains of cheese-ripening microorganisms are
critical.
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