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Production of E,E-farnesol (FOH) and biofilm formation were studied under various conditions in 56 strains
of eight Candida spp. FOH production differed significantly not only between Candida spp. but within Candida
albicans strains as well. FOH concentrations and biofilm formation were the highest for C albicans.

Candida albicans is a major human fungal pathogen, causing
both superficial and invasive tissue infections. The ability of C.
albicans to form biofilms on medical devices has a profound
impact on its capacity to cause human disease. C. albicans and
other members of the genus Candida are able to grow in
different forms as budding yeast, pseudohyphae, and true hy-
phae, which is called dimorphism (1, 8). This transition from
yeast to hyphal growth can be induced by various conditions (2,
25). Progression to a mature biofilm is dependent on cell ad-
hesion, extracellular matrix production, and the yeast-to-hypha
transition in C. albicans (2, 3). However, biofilm development
in non-C. albicans Candida spp. (NCAC) is not well under-
stood.

Suppression of biofilm formation in C. albicans may be
achieved by quorum-sensing molecules (5). E,E-Farnesol (FOH)
has been reported to inhibit the induction of hyphal growth and
biofilm formation in C. albicans (10, 11). In this study, FOH
secretion by C. albicans and eight NCAC was examined under
various culture conditions. In addition, the development of bio-
films was studied. Finally, the correlation between FOH secretion
and biofilm formation was analyzed for all of the isolates studied.

We studied 56 strains of eight Candida species (Table 1). All
isolates were cultivated in RPMI 1640 medium with or without
the addition of 10% fetal calf serum (FCS) at 37°C for 24 h
under continuous rotation at 125 rpm. Two milliliters of sterile
filtered (0.45 wm) culture supernatant was extracted with 5 ml
n-hexane—ethanol (90:10, vol/vol) and derivatized with 9-an-
throylnitrile as previously described (13). Quantification was
done with n-butanol as an internal standard (50 ng added to
each sample). Reverse-phase high-performance liquid chroma-
tography was done with a YMC Hydrosphere C,g column (5
pm, 150 by 2.1 mm [inside diameter]). A linear gradient of
acetonitrile-water (85% to 100% over 20 min) was used as the
mobile phase. Standard concentrations ranged from 0.004 p.M
to 40 pM FOH. Detection, determination of recovery, and
calculations were performed as previously described (4, 13).
The development of biofilms by all of the Candida spp. was
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studied according to Krom et al. (6), with minor differences
such as using 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tet-
razolio]-1,3-benzene disulfonate sodium salt instead of 2,3-bis[2-
methoxy-4-nitro-5-sulfophenyl]-5-[ (phenylamino)carbonyl]-2H-
tetrazolium hydroxide. In addition to visual reading at 450 nm,
optical density was measured at 405 nm for data validation
(15). All tests were done twice and analyzed with the two-tailed
paired Student ¢ test comparing 0 and 10% FCS cultivations
(significance was set at a P value of <0.05).

The quantification and standardization of FOH showed
good linearity with R? = 0.99. The recovery rate was deter-
mined as approximately 95%. The FOH concentrations for all
56 Candida strains are shown in Table 1. Under FCS-free
conditions, the highest concentrations of FOH were measured
for C. albicans isolates, with a mean of 35.6 uM (range, 13.7 to
58.5 pM). The quantity was up to 35 times higher than for
NCAC, except for C. dubliniensis. The mean FOH concentra-
tion for C. dubliniensis was 8.3 uM (range, 6.0 to 17.5 uM).
Individual C. albicans isolates varied remarkably in their ability
to produce FOH. FOH concentrations were almost four times
as high as for C. dubliniensis. All other NCAC showed rela-
tively low concentrations of FOH (mean, 0.6 = 0.2 pM), in-
dependently of whether the Candida strains were cultivated
with or without supplementation with 10% FCS.

Significant decreases in the secretion of FOH were observed
for C. albicans (P = 0.001), C. dubliniensis (P = 0.0007), and C.
guilliermondii (P = 0.01) under FCS-supplemented culture
conditions. The concentration of FOH for C. albicans de-
creased to 2.0 = 0.9 M (mean). The comparison of the FCS-
free and 10% FCS cultivations indicated a significant disparity
(P = 0.003).

The investigation of biofilm formation showed comparable
results for both techniques (Fig. 1). An optical density cutoff of
=0.2 (>35% transmission blocked) was used to discriminate
biofilm producers according to recent suggestions (14, 15).
With both media, C. albicans and C. dubliniensis formed good
biofilms. C. dubliniensis isolates produced 48% more biofilm
under FCS-free conditions than did C. albicans (no statistically
significant difference). Addition of 10% FCS to the growth
medium induced significantly better biofilm formation in five
of the eight Candida species tested (Fig. 1; P < 0.05). With C.
albicans, increased biofilm formation (by 76%) was observed
with 10% FCS in the medium. Increased biofilm formation was
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TABLE 1. Candida spp. used in this study and concentrations of secreted FOH

FOH concen [pM]

FOH concen [pM]

Strain® Strain”
0% FCS 10% FCS 0% FCS 10% FCS
C. albicans strains C. kefyr strains
ATCC 90028 13.7 1.7 Y0601° 0.8 0.7
ATCC 24433 32.0 2.4 RKI 01-0709 0.7 0.1
ATCC 36801 34.6 0.5 RKI 95-0329.02 0.2 1.1
ATCC 44373 16.9 0.9 RKI 95-1915.02 0.5 2.8
ATCC 44374 51.2 3.0 RKI 95-2066 0.1 2.6
ATCC 76615 58.5 2.4 RKI 97-0656 0.2 5.6
Y0119” 422 23 RKI 97-0768.02 0.5 0.2
Mean = SD 35.6 = 16.5 20*=09 Mean = SD 0.5=*=0.3 1.9+18
C. glabrata strains C. krusei strains
ATCC 90030 0.8 0.5 MB16° 0.5 0.4
Y3390° 0.5 0.4 ATCC 6258 0.7 0.8
RKI 04-0388 0.2 0.2 ATCC 90878 0.8 0.6
RKI 05-0284.01 0.4 0.3 RKI 03-450.02 0.5 2.5
RKI 05-0445.01 0.1 0.2 RKI 04-0167.04 0.5 0.9
RKI 05-0559.02 0.4 0.1 RKI 05-0126 0.6 0.9
RKI 06-0367 0.3 0.2 RKI 06-0365 0.6 0.6
Mean = SD 0402 0.3 +0.1 Mean = SD 0.6 =0.1 1.0 £ 0.6
C. parapsilosis strains C. guilliermondii strains
Y0501° 0.3 0.4 ATCC 90877 1.3 0.7
ATCC 90018 1.2 0.8 RKI 01-0546 0.8 0.6
ATCC 22019 0.8 0.9 RKI 02-0043 0.4 0.3
RKI 00-0438 0.5 0.4 RKI 04-0347 0.9 0.6
RKI 02-0579 0.5 0.5 RKI 05-0091 0.4 0.4
RKI 04-0241 0.4 0.6 RKI 95-1889 0.5 0.3
RKI 06-0220 0.2 0.1 RKI 95-2865 0.7 0.1
Mean = SD 0.6 =03 0.6 =03 Mean *= SD 0.8+03 05=*02
C. tropicalis strains C. dubliniensis strains
ATCC 750 1.2 0.4 CBS 8500 17.5 2.1
ATCC 90874 22 0.4 CBS 8501 7.8 29
RKI 03-0108 0.3 0.1 RKI 01-0170.01 6.0 0.1
RKI 04-0326 0.4 0.8 RKI 01-0265 12.5 2.5
RKI 05-559.01 0.6 0.6 RKI 01-0268.02 10.2 1.7
RKI 98-0463 0.5 0.4 RKI 05-0037 6.7 0.4
RKI 99-0499.02 1.2 0.4 RKI 06-0019 9.2 1.4
Mean = SD 1.0 0.7 0.5 =0.02 Mean = SD 8738 1.5+1.0

“ Shown are the strains used and the concentrations of FOH secreted by them when they were cultivated in RPMI 1640 medium with 10% FCS and without FCS
(n = 2; agreement of =25%) and the mean = SD of each Candida species, respectively. Strains were obtained from the Centraal Bureau voor Schimmelcultures (CBS),
Baarn, The Netherlands; the American Type Culture Collection (ATCC), Manassas, VA; and the Robert Koch Institute (RKI), Berlin, Germany.

b C. albicans Y0119, C. glabrata Y3390, C. parapsilosis Y0501, C. kefyr Y0601, and C. krusei MB16 were supplied by Pfizer Laboratories, Illertissen, Germany.

also obtained for C. dubliniensis (34%), C. tropicalis (34%),
and C. krusei (61%).

Quorum-sensing molecules, and FOH in particular, are con-
sidered to play an important role in the development of bio-
films by C. albicans on the surfaces of medical devices (10-12).
In this study, we found that C. dubliniensis can produce signif-
icant amounts of FOH but still less than C. albicans. In con-
trast, biofilm formation was more pronounced in C. dublinien-
sis than in any of the other Candida spp. tested. It is unclear
whether this is related to the phylogenetic relationship be-
tween the two species or to other conditions (7). C. dubliniensis
is a rare human pathogen and causes much less common in-

vasive Candida infections in humans than do C. albicans and
other NCAC. Furthermore, we have observed that several
other NCAC do not produce any notable FOH but may form
a biofilm (e.g., C. tropicalis, C. parapsilosis). The mechanism of
reduced FOH production after supplementation with 10%
FCS is unclear, but it is known that culture conditions may
affect the global transcriptional response of Candida spp. (C.
albicans) (9). It is assumed that the ability to form a biofilm is
linked to FOH secretion as the major quorum-sensing mole-
cule in C. albicans and C. dubliniensis, as shown in this study.
We found that other Candida spp. can form biofilms without
high levels of FOH, and it may be concluded that these NCAC
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FIG. 1. Biofilm formation by Candida species. Fifty-six Candida spp. were incubated for 24 h in RPMI 1640 medium containing 0% (A) or 10%
(B) FCS. Biofilm formation was measured as described in the text. The average for all of the isolates of a species in Table 1 is shown as the result
of 14 values calculated for each column. *, Significantly increased biofilm (P < 0.05) when cultured in medium with 10% FCS. WST-1,
4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt.

use other pathways or quorum-sensing molecules for biofilm
formation without FOH secretion.

Biofilm formation by NCAC is not well understood and
requires further exploration with other models (e.g., gene reg-
ulation, detection of regulatory pathways).
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