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Abstract

Background: Biofilm formation on biotic and abiotic surfaces is finely regulated by
genetic factors but also by oxygen concentration, pH, temperature and other environ-
mental factors, already extensively explored for bacterial biofilms. Much less is known
about fungal biofilm, that is considered a virulence factor for Candida pathogenic spe-
cies among the few fungal species able to grow and survive at high temperatures
such as 37°C as well as those induced by fever. The resistance to high temperatures
coupled with the ability to form biofilm are threatening factors of these fungal species
that could severely impact at an epidemiological level.

Objectives: In this framework, we decided to study the thermal tolerance of biofilms
formed by three medical relevant species such as Candida albicans and two non-
Candida albicans Candida species.

Methods: Thirty nosocomial strains were investigated for their ability to adhere and
grow in proximity and over body temperature (from 31 to 43°C), mimicking different
environmental conditions or severe febrile-like reactions.

Results: Candida sessile cells reacted to different temperatures showing a strain-
specific response. It was observed that the attachment and growth respond differ-
ently to the temperature and that mechanism of adhesion has different outputs at
high temperature than the growth.

Conclusions: This strain-dependent response is probably instrumental to guarantee the
best success to cells for the infection, attachment and growth to occur. These observa-
tions reinforce the concept of temperature as a major trigger in the evolution of these
species especially in this period of increasing environmental temperatures and excessive

domestic heating.
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1 | INTRODUCTION

Microbial biofilms are known to exhibit distinctive characteristics,
when compared to free floating cells.)* The majority of bacteria and
fungi show the ability to form biofilm, from which they gain pecu-
liar abilities such as a non-genetic driven resistance to drugs and

several environmental stressors®°

and to higher persistence and
lethality.**'? The increased tolerance of biofilm can be ascribed to
different factors such as the presence of the polymeric extracellular

13,14 15-17 or the

substance, an increased activity of the efflux pumps
modulation of the gene regulation.!® In some cases, the presence
of so-called ‘persisters’, subpopulations of metabolically less active
cells tolerant to drugs and other stressing factors, has also been
described.*?-2!

Biofilm formation on biotic and abiotic surfaces is finely regu-
lated by genetic factors although many environmental agents, that
is oxygen concentration, pH and temperature, play a crucial role in
this process. All these aspects have been extensively explored for

22-28 \vhile less is known about the behaviour of

bacterial biofilms
fungal biofilm, its kinetics or response to stressing factors.2>*° The
lack of such information paved the way to new studies, especially
on species like those of the genus Candida that are responsible for
most of the worldwide fungal infections.®"34 In fact, the growing
population of immunosuppressed patients has resulted in increas-
ingly frequent diagnoses of invasive fungal infections by Candida
species. Candida albicans is the most prevalent and invasive species,

3536 35 well as an

frequently isolated in nosocomial environments
innocuous inhabitant of the human body.3’37’38 However, over the
last decades, the frequency of infections caused by non-Candida

albicans Candida species (NCAC) has increased,+%7-#

attracting
the interest of researchers also on species such as Candida tropicalis
and Candida parapsilosis, usually associated to natural environments.
Candida parapsilosis, a yeast normally found in food and natural envi-
ronments,*?43 today represents the second or third most frequently
isolated Candida species from patients, with an increasing incidence
in Mediterranean areas and the USA.** Candida tropicalis, on the
other hand, is considered the second most threatful species after
C. albicans.*®

The common use of cytotoxic drugs and immunosuppressants
together with a scarce, or not fungi-focused hygiene in the medi-
cal environment, has risen the frequency of infections caused by
Candida species able to colonise biotic and abiotic surfaces causing
superficial, systemic bloodstream and deep-tissues infections.*® The
ability to form biofilm, in fact, represents one of the most important
virulence factors for Candida pathogenic species.38 Moreover, their
ability to grow and resist at high temperatures makes these species
one of the few fungi capable of surviving at 37°C and even at tem-
perature induced by fever.*® Thermal tolerance was investigated by
Robert et al in relation to fungal virulence, and it was defined as the
capacity of fungal species to survive and cause infection at the host
temperature‘46 Both the resistance to high temperatures and the
ability to form biofilm are threatening factors of these yeast species,
the combination of which could have really dangerous outcomes on
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the epidemiology of these fungi, especially considering the general
increase in average temperatures observed in recent years.47 To
date, the literature about the effect of temperature on biofilm for-
mation of Candida species is scarce with few studies carried out on
the solely C. albicans.2>*® Therefore, scarce knowledge is available
on the ability of C. albicans and NCAC species to survive and form
biofilm when exposed to the high temperatures implemented by the
human body as a natural defence against the infection.

In this frame, we investigated the ability of thirty strains of the
species C. albicans, C. tropicalis and C. parapsilosis to adhere and grow
at different temperatures, from those close to body temperature to
the highest mimics of severe febrile reactions. Two main aspects
were considered, the possibility to adhere to a surface and the abil-
ity to grow and produce a mature biofilm in 24-48 h, focusing on
the possible correlation among the mature biofilm and the number
of cells adhered in a short time frame. We tested the hypothesis
that both the adhesion step and the development of a mature bio-
film would display a large variability associated to different levels of
thermal resistance of these strains.

2 | MATERIALS AND METHODS

2.1 | Materials

The 30 strains employed in this study (Table 1) were obtained from
the CEMIN Microbial Collection (CMC, CEMIN Excellence Research
Centre—University of Perugia). All strains were isolated from noso-
comial environments in Italy and afterwards kept frozen at -80°C in
17% glycerol.

Strains identification was carried out by MALDI-TOF MS
(Matrix-Assisted Laser Desorption lonization Time-of-Flight Mass
Spectrometry) and sequencing of the D1/D2 domain of 26S rDNA
subunit (LSU) and Internal Transcribed Spacer (ITS) markers.

All the components of YEPD medium (Yeast Extract 1%, Peptone
1%, dextrose 1%) were purchased from Biolife, while RPMI-1640,
crystal violet and menadione were obtained from Sigma Aldrich.

The pre-cultures were obtained by inoculating a loopful of the
stock cultures in YEPD medium (7 ml) and were incubated at 37°C
for 24 h at 120 rpm. All the tests were carried out with a final cellular
density of ca. 10® CFU/ml (ODyyp = 0.1). This value was obtained
adjusting the pre-cultures density in properly modified RPMI me-
dium, to OD,, = 0.1 for the biofilm forming ability assay and for the
adhesion test.

2.2 | Biofilm forming ability test

The strains ability to form biofilm was tested in 96-well microtitre
plate by inoculating each strain in two biological replicates, each
tested in triplicate. Three different measures of washed biofilms
were obtained, at 2, 24 and 48 h of growth, as briefly detailed as
follow. 100 pl of standardised cell suspensions was seeded in each
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TABLE 1 Straintable

City of
isolation
ID Species (Hospital)
CA_1 CMC1829 C. albicans Udine
CA_2 CMC1845 C. albicans Udine
CA_3* CMC2000 C. albicans Pisa
CA_4 CMC1987 C. albicans Pisa
CA_5* CMC1968 C. albicans Pisa
CA_6 CMC1994 C. albicans Pisa
CA_7 CMC1918 C. albicans Udine
CA_8 CMC1821 C. albicans Udine
CA_9 CMC1854 C. albicans Udine
CA_10 CMC1828 C. albicans Udine
CA_11 CMC1768 C. albicans Udine
CA_12* CMC2026 C. albicans Pisa
CA_13 CMC2046 C. albicans Pisa
CA_14 CMC2043 C. albicans Pisa
CA_15 CMC2008 C. albicans Pisa
CA_16 CMC2042 C. albicans Pisa
CA_17* CMC1959 C. albicans Udine
CP_1 CMC2039 C. parapsilosis sensu Pisa
stricto
CP_2 CMC1841 C. parapsilosis sensu Udine
stricto
CP_3 CMC1972 C. parapsilosis sensu Pisa
stricto
CP_4* CMC1981 C. parapsilosis sensu Pisa
stricto
CP_5* CMC1949 C. parapsilosis sensu Udine
stricto
CP_6* CMC1951 C. parapsilosis sensu Udine
stricto
CP_7 CMC1973 C. parapsilosis sensu Pisa
stricto
CP_8* CMC2006 C. parapsilosis sensu Pisa
stricto
CT_1* CMC1855 C. tropicalis Udine
CT_2 CMC2040 C. tropicalis Pisa
CT_3* CMC1839 C. tropicalis Udine
CT_ 4> CMC2052 C. tropicalis Pisa
CT_5* CMC1827 C. tropicalis Udine

Note: The strains used in this study are listed in the table below, along
with source of isolation and the species identification. In the first
column, short identification codes are reported.

The starred (*) strains were used both for the biofilm forming ability test
and for the adhesion test.

well, and plates were incubated for 2 h at each selected temperature
(31, 34, 37, 40, 41, 42 and 43°C). After the biofilm priming, the in-
oculum was carefully removed with a multichannel pipette and each
well was washed three times with PBS (Phosphate-Buffered Saline).

Washed biofilms were measured by reading the optical density at
405 nm in a plate reader (TECAN Infinite F200). 100 ul of fresh
RPMI medium was then added to each well, and plates were incu-
bated 24 h at each selected temperature. After washing, a second
measure of washed biofilms was performed. The described proce-
dure was repeated another time to obtain the measure of washed
biofilms at 48 h of growth.

2.3 | Adhesion test

The two best and the two worst performing strains of each species
were selected to test the effect of the temperature on the adhesion
step of biofilm growth. Pre-cultures (OD,,, = 0.1) were inoculated
in RPMI medium in microtitre plates (96-wells) for a 45 min priming
step at 34, 37, 40 and 41°C. After the adhesion step, the wells were
washed three times with PBS and fresh RPMI medium was added.
The biofilm was incubated around 20 h at each selected temperature
in TECAN plate reader (TECAN Infinite F200), measuring the optical

density at 405 nm every 5 min.

2.4 | Data analysis

Analyses were carried out in R environment (http://www.R-proje
ct.org) and in MS Excel™, using the editor for VBA programming.
Data from the biofilm forming ability test were analysed following
the procedure for the determination of low cell-density yeast cul-
tures already developed in our laboratory.*’ Briefly, kinetic param-
eters such as the lag phase were used to estimate the size of the
inoculum, by referring to the density of the cells that were able to
adhere to the surface, after the priming step. The determination of
the lag phase is based on the most widespread definition that de-
scribes it as the transition period during which the specific growth
rate increases to that of the exponential phase.>® The Apparent Lag
Phase Extent (ALPE) was calculated on the typical sigmoidal-like
growth curve, as the time equivalent at the intersection of the re-
gression curve of the lag phase and that of the exponential phase.
The initial cell density (IND) was then calculated taking into ac-
count the apparent lag phase extent as described in the equation
IND = 10“APE*) \where a and f3 represent, respectively, the angular
coefficient and the intercept of the calibration curve obtained in the

regression curve of actual cell densities vs ALPE.

3 | RESULTS

3.1 | Modulation of the biofilm growth by
temperature at the species level

The biofilm growth was assessed at different temperatures from
31 to 43°C to test realistic conditions ranging from temperatures
easy to find in natural and anthropic environments, including those
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occurring in patients with severe febrile status. Biofilm growth was
measured after 24 and 48 h by removing the planktonic cells be-
fore each reading, to ensure that only the actual biofilm density was
measured. Moreover, the removal of free cells after 24 h ensured
that the following growth was due only to the cells adherent to the
surface. Temperatures between 31 and 40°C were tested with 3°C
interval, while the range from 40 to 43°C was tested with a 1°C reso-
lution in order to carefully assess any eventual variations occurring
at the higher temperatures, which begin to affect viability.

For C. albicans, the 24 h data set showed large variability and
even distribution, although at 31°C the strains showed two peaks: a
large one without significant growth and a second with little growth
(Figure 1A). In the 24 through 48 h time period, there was more
growth than during the first day, although some strains remained
with little or no growth up to 37°C. Interestingly, the level of the
highest growths at 48 h is quite similar at all temperatures, with 31
and 34°C, showing less strains able to grow at high rates.

Biofilm formed by C. parapsilosis and Ctropicalis, after 24 h
growth, increased from 31 to 40° -41°C and then decreased at
higher temperatures (Figure 1B). Violin plots showed a quasi-normal
growth distribution at most temperatures, whereas at 34°C there
were two distinct groups of strains, a small one with little if any
growth, and a larger with normal growth. The maximum growth
was reached between 40 and 41°C, similarly to what observed

lagnosis, Therapy and Prophylaxis of Fungal Diseases.

in C. albicans (Figure 1B). In general, all the strains of this species

reached the highest cell densities at 48 h of growth.

3.2 | Strain-specific biofilm production at different
temperatures

Throughout these experiments, all species displayed a large vari-
ability of the growth spanning from c.a. 10 to 5 * 107 cells (CFU/
ml), suggesting to study the distribution of the sessile growth at the
single strain level. For this purpose, data from the six technical rep-
licates, derived from the two independent experiments carried out
for each tested temperature, were sorted ascendingly to the data
of growth at 37°C, to compare the evolution of the biofilm formed
by each strain at the different temperatures at 2, 24 and 48 h after
the inoculum. Since plates were washed before every reading, the
optical density values are referred to the adherent biofilm without
the contribution of the planktonic cells produced in the meantime.
C. albicans strains grown at 37°C exhibited biofilms that spanned
from OD,,; 0.15 to more than 0.35, showing a large variability
within the species, although the variability among the replicates was
around 5 to 10% (Figure 2C). Whereas few strains did not show a
measurable growth within 48 h (CA1 thru CA3), others displayed a
constant trend of growth (eg CA5 thru CA9). CA11 grew roughly
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the same at 24 and 48 h, while strains such as the CA14 showed a
greater amount of biofilm biomass at 48 h than at 24 h.

Overall, the NCAC strains have grown less than those of C. albi-
cans with the only difference that C. parapsilosis isolates displayed
some degree of variability with maximum growth varying from
OD, 5 0.15 to ca 0.30, whereas C. tropicalis ranged between ca 0.2
and 0.28.

In general, the analysis of the biofilm biomass produced at 37°C
revealed that all the strains studied increased their growth during
the 2 days of the experiments, as indicated by the green triangle
in the upper part of the graph of Figure 2, panel C Since 37°C is
considered the reference temperature for the growth of pathogenic
and opportunistic species, the average growth of each species at this
temperature was reported as horizontal dashed lines in all panels of
Figure 2. Surprisingly, the average growth at 48 h was practically
identical throughout the three species (OD 45 0.26, 0.25 and 0.25
for C. albicans, C. parapsilosis and C. tropicalis, respectively), while at
24 h, C. tropicalis was slightly more performing than the other two
species (OD 445 0.23 vs 0.21).

Lower temperatures decreased the growth of most strains with
few exceptions such as C. albicans CA14 and CA17 that displayed
very similar behaviour at 37 and 34°C and were over the average
growth at all temperatures from 31 to 37°C (Figure 2A-C). The
strain CA9 that grew below the species average at 37°C performed
comparatively better at lower temperatures for both 24 and 48 h
growth. Interestingly, at 34°C, and even more at 31°C, the growth
at 2, 24 and 48 h of C. albicans was much less variable than at 37°C
(Figure 2A-C), whereas at 31°C, the NCAC showed clear differences
between the three time points considered.

The growth C. parapsilosis strains were clustered around the
average at all temperatures and growth times, whereas C. tropicalis
strains CT4 and CT5 grew comparatively better at 34°C and 31°C
with values well over the averages, while at 37°C were close to the
average. At temperatures over 37°C, the C. albicans strains reduced
their growth progressively, with exceptions such as CA3, CA5, CA7,
CA15, CA16 and CA17 that grew over the average up to 42°C. At
43°C only, the CA7, CA16 and CA17 strains grew more than at 37°C.
At 43°C, most of the strains grew poorly with relatively small dif-
ferences between 24 and 48 h growth (Figure 2D-G). Candida para-
psilosis strains produced less biofilm biomass over 37°C, except for
CP5, CP6, CP7 and CP8 that maintained a good biofilm production
up to 42°C whereas at 43°C there was a strong reduction below that
at 37°C. The growth reduction observed in C. tropicalis was progres-
sive from 40 to 43°C with only CT4 and CT5 maintaining a growth
like that at 37°C. Moreover, there was not much difference between
the growth at 24 and 48 h indicating that the temperature might
have had a devitalising effect during the first hours of growth, or
that most of the cells grown during the second day were in plank-
tonic state. In general, C. tropicalis strains maintained their relative
growth performance within the species, whereas in C. parapsilosis,
there was a sort of inversion of the growth performance between
37 and 43°C, (Figure 2).

Diagnosis, Therapy and Prophylaxis of Fungal Diseases

3.3 | Effect of the temperature on the
adhesion of the biofilm

To test the effect of the temperature on the adhesion of cells to
a surface, preliminary experiments were carried out to determine
the optimal cell density and time of adhesion, showing that 45 min
and 10° calls per well fell in the optimal range to ensure adhesion.
These preliminary tests were necessary to ensure that these two
parameters would not play a role as limiting factor to the attachment
of cells. Another technical problem encountered was the determi-
nation of the cell density at the moment of the adhesion, which is
far below the detection limit for both colorimetric and direct optical
density assays. For this reason, the estimate of the cells attached in
each well was carried out with an approach described elsewhere*’
based on the evidence that there is an inverse linear relation be-
tween the density of cells and the extent of the lag phase, thus giving
the possibility to calculate with good accuracy the number of cells
per well on the basis of the duration of the lag in the growth follow-
ing the wash out of non-adherent cells.

The results showed relevant differences among the various
strains at the tested temperature. Namely, for C. albicans, the two
strains with poor growth in the previous experiment (hereinaf-
ter referred to as bottom-performer in contrast with the two top
performer), that is CA3 and CA5 showed different temperature re-
sponse profiles. In fact, CA3 had a maximum adhesion at 37°C and
a steep decrease at higher temperatures, in contrast with CA5 that
showed no significant differences in the adhesion at 34 and 37°C
and a shallow decrease at higher temperatures (Figure 3A). Strain
CA12, one of the top performers in terms of growth, had interme-
diate adhesion in comparison to CA3 and CA5 and showed maxi-
mum adhesion at 37°C and non-detectable adhesion at 41°C. Finally,
strain CA17, which grew well at almost all temperatures (Figure 2),
had the maximum adhesion at 34°C and then lesser ability to attach
to the surface at higher temperatures.

Candida parapsiolosis strains showed non-detectable adhesion
at 40° and 41°C; maximum adhesion at 34°C, with the only excep-
tion of CP8, and little differences between 37 and 40°C (Figure 3B).
These figures can be explained by the fact that, at the highest tested
temperatures, some adhesion occurred, but it was below the de-
tection limit of the lag-time based estimation, around 102 cells. This
hypothesis was confirmed by the fact that the cells could adhere
and grow at 40-41°C in the growth experiment, where the cells
had the possibility to grow as biofilm for the next 24 and 48 h. In
these conditions, the biofilm growth exceed the detection limit of
the direct spectrophotometric reading (Figure 2), indicating that
C. parapsilosis growth is impeded but not annihilated by high tem-
peratures. Finally, C. tropicalis showed a strong difference between
the well and the poorly growing strains. The former ones had almost
the same pattern (Figure 3C) with maximum adhesion at 37°C, steep
decrease from 37 to 41°C and significant less attachment at 34 than
at 37°C. A similar pattern was displayed by the well-growing CT5,
while the other strain with high growth rate, CT4, had no significant
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FIGURE 3 Estimated number of cells adhered to the surface after a priming step, at four different temperatures of growth (34, 37, 40
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and Candida tropicalis [panel C]),at each selected temperature, is shown in figure. The yellow, orange, red and burgundy boxes indicate the
estimated density of the cells adhered to the surface at 34, 37, 40 and 41°C, respectively

differences in the range 34-40°C, followed by a steep reduction of
adhesion at 41°C.

4 | DISCUSSION

Biofilm formation is supposed to be the most common form of mi-
crobial life in both anthropic and natural environments. Biofilms
are responsible for resistance to drugs and stresses and for the

permanence and survival of the microbial species.1 The abil-
ity to attach to a surface under any condition and the vigour of
the growth are two of the crucial points for the success of this
structure to propagate the strains and maintain its viability.
Temperature has been shown to be a primary factor triggering

475152 aspecially in this period of

46,47

the evolution of pathogenic fungi
increasing average environmental temperatures, not to men-
tion the often excessive domestic heating.53 Less is known about

the reaction of fungal biofilm to temperature than other aspects
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related to the C. albicans genetics involving biofilm formation and
growth.33'54'55 Other species, often referred to as NCAC, are even
less studied. Moreover, many studies focus on few model strains,
while the studies on freshly isolated strains from different envi-
ronments are comparatively rare. In this frame, our study focused
on the variability among and within species of the reaction of
strains to the temperature during the biofilm growth and attach-
ment. The initial hypothesis was that both these two characters
have a large variability that could confer different levels of resist-
ance of strains to environmental conditions and even to patients
with high fever. As for the growth, all the three species displayed
a strain-specific variability at all temperatures and both at 24 and
48 h. Moreover, the strains show different types of reaction to
the various temperatures over the 12°C range studied. Few strains
were able to grow over the average reference level (37°C) at both
31° and 34°C, as the C. albicans CA9 and the C. tropicalis CT4 and
CT5 strains.

Some strains were able to grow well at practically all tem-
peratures over and below 37°C, leading to the conclusion that
the biofilm growth of these microorganisms is partly temperature
independent, at least in the range we studied. One such top per-
former was C. albicans CA17 that grew at all temperature over
the average growth at 37°C, used as reference, although it has
relatively low attachment ability over 37°C. This observation can
be extended to all strains of the three species studied and could
occur because the attachment befalls in patients at the normal
body temperature. From these observations, one can surmise that
when the fever occurs, the biofilm is already attached and the only
factor for fitness is the ability to withstand temperature and grow.
On the other hand, this behaviour would mean that the fever could
protect the patient from new colonisations if the fever is present
during the infection.

These results show that the ability to form biofilm at tempera-
tures below 37°C, that is close to what is normally considered
‘room temperature’, can be negligible if any. In turn, this aspect
would suggest that the biofilm formation is more related to the
temperatures close to the body temperature and would therefore
indicate that this character has been strongly influenced by the
colonisation of warm-blooded animals in its evolution.>? In most
cases, there was little increase in biofilm formation from 24 to
48 h. This fact could be due to the slight growth of most strains or
to the fact that the biofilm is more fragile at these temperatures
and therefore easier to be detached by the pre-reading washings.
An alternative hypothesis that could not be considered with the
settings of this experimental plan is that at higher temperatures,
the planktonic cells outgrew the planktonic ones. Attempts to
evaluate the amount of removed biofilm were hampered by the
scarce quantity and by the interference of the planktonic cells.
Biofilm fragility could play a role in cells or patches dispersal,
especially in the blood stream, but this mechanical property will
likely be better studied with other approaches presently under
evaluation in our laboratory.>®>” The fact that most of the growth
was achieved within the first day and might be an explanation of
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the figures reporting 20% mortality already at 48 h after the di-
agnosis and the subsequent vertiginous growth of the mortality
in Invasive Fungal Infections (IF1).%%7 In general, it seems that
attachment and growth respond differently to the temperature,
which could underline different mechanisms involved. The scarce
ability to form biofilm, and to grow as sessile cells, below 37°C
could have an evolutionary explanation, in fact, at those tempera-
tures out of the warm-blooded animal bodies, the biofilm could
be outperformed by planktonic cells both in terms of growth rate
and ease of diffusing in the environment. Once the cells enter the
body, the possibility to form biofilm is of paramount importance
and 37°C is the optimum temperature for this operation that nor-
mally happens in animals without fever. After the biofilm forma-
tion, a rapid growth in the range 37-43°C is the only important
aspect for the cells to be successful.

Finally, the scarce ability to form biofilm at temperatures over
37°C can be in line with a recent observation that mortality was in-
creased in patients with candidaemia admitted to internal medicine
ward without fever with respect to patients with fever.>? %! These
observations could be due to the intrinsic fragility of the patients or
to a misidentification of the syndrome in patients without fever that
led to the lack of a timely antifungal therapy. In contrast, the absence
of fever could be induced by the yeast itself to escape the febrile
reaction, as suggested by the fact that biofilm was able to induce the
production of anti-inflammatory cytokine IL-10 that reduces phago-
cytosis and fever induction.®?

This phenomenon implies that afebrile patients infected with
these fungal strains would have more biofilm production and higher
risks of mortality. The results of the present study, however, sug-
gest not to generalise these phenomena that could be triggered in a
strain-specific manner, inviting to focus on the actual effect induced
by specific strains more than on a presumable mean species effect.

A recent paper has evaluated the difference induced in the bio-
film transcriptome at 37 and 39°C of C. albicans strain, finding that
17 genes were downregulated and 11 upregulated at a significant

level.*8

Among the genes involved in cell wall metabolism, MNN22,
which is repressed in core stress response, was one of the most
downregulated genes at 39°C, indicating that this 2°C difference
induces an active stress response. Orthologues of this gene are
known in different Candida species but not in C. parapsilosis. The
gene PHO84 is upregulated, whereas FTH1, UCF1 and PGA45 are re-
pressed when the cell is exposed to antifungal agents and at 39°C,
indicating that the temperature increase is somehow comparable
to the drug-induced stress. Interestingly, UCF1 is downregulated in
presence of iron, during the transition from yeast to hyphal form
and when cells are resistant to fluconazole. Two of these conditions
are matched in the case of a biofilm already formed and growing at
temperature over 37°C, in fact, there is the presence of iron from
the blood and the need to produce more elongated and even hyphal
cells. These examples show that there is some correlation between
drug dependence and temperature-induced stress, and therefore,
the high temperature induces a general response to stress and a
metabolic switch. This corroborates our results indicating that the
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mechanism of adhesion and growth have different outputs at high
temperatures. As a further confirmation of this concept, PGA26, en-
coding for an adhesin-like protein, is downregulated when the tem-
perature increases.

Interestingly, most of the discussed genes have known ortho-
logues in all the Candida species investigated in this study, indicating
the need of more transcriptome analysis throughout these yeasts at
different temperatures.

In conclusion, the Candida sessile cells react to the tempera-
ture with different strain-dependent responses that are prob-
ably instrumental to guarantee the best success to cells for the
infection, attachment and growth to occur. These observations
reinforce the concept of temperature as a major trigger in the
evolution of these species. These three Candida spp. differenti-

ated before the whole genome duplication (WGD),83:¢4

suppos-
edly dated some 100.000 years ago.®® Considering that, since
60.000 years ago the temperature grew by some 15°C,%° the evo-
lution of this characteristic could have been triggered by invasion
of modern warm-blooded animals, but facilitated by the external

temperature increase.
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