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Summary. The diagnosis of invasive candidiasis remains a clinical challenge. The detection by indirect immunofluorescence 
of Candida albicans germ-tube-specific antibodies (CAGTA), directed against germ-tube surface antigens, is a useful diagnostic 
tool that discriminates between colonization and invasion. However, the standardization of this technique is complicated by its 
reliance on subjective interpretation. In this study, the antigenic recognition pattern of CAGTA throughout experimental 
invasive candidiasis in a rabbit animal model was determined by means of 2D-PAGE, Western blotting, and tandem mass 
spectrometry (MS/MS). Seven proteins detected by CAGTA were identified as methionine synthase, inositol-3-phosphate 
synthase, enolase 1, alcohol dehydrogenase 1,3-phosphoglycerate kinase, 14-3-3 (Bmh1), and Egd2. To our knowledge, this is 
the first report of antibodies reacting with Bmh1 and Egd2 proteins in an animal model of invasive candidiasis. Although all of 
the antigens were recognized by CAGTA in cell-wall dithiothreitol extracts of both germ tubes and blastospores of C. albicans, 
immunoelectron microscopy study revealed their differential location, as the antigens were exposed on the germ-tube cell-wall 
surface but hidden in the inner layers of the blastospore cell wall. These findings will contribute to developing more sensitive 
diagnostic methods that enable the earlier detection of invasive candidiasis. [Int Microbiol 2014; 17(1):21-29]
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Introduction 

Species of Candida are major fungal pathogens in humans, 
causing a wide variety of surface or mucocutaneous candidia
ses as well as systemic or invasive candidiasis (IC) in both 
immunocompromised and immunocompetent patients. Al
though new antifungal agents active against most Candida 
species have recently been introduced, the morbidity and 

mortality rates associated with IC remain high (10–49 %) 
[28]. Between 95 and 97 % of invasive candidiasis are caused 
by five species: C. albicans, C. glabrata, C. parapsilosis, C. tro
picalis, and C. krusei. Of these, C. albicans is the most pre
valent species involved in IC, but other species, such as C. kru
sei, which is intrinsically resistant to azoles, and C. glabrata are 
increasingly being isolated [10]. 

The diagnosis of IC is difficult because there are no spe
cific signs and it is difficult to distinguish between coloniza
tion and invasion. Furthermore, the available diagnostic tech
niques are of low sensitivity and specificity, and the aggres
sive methods sometimes required to obtain samples are often 
not feasible because of the critical condition of affected pa
tients [37]. As a result, therapy is often implemented late or 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Hemeroteca Cientifica Catalana

https://core.ac.uk/display/159084627?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Int. MIcrobIol. Vol. 17, 2014 Sáez-RoSón et al.22

not at all, which in part explains the high mortality associated 
with IC [26].

The limitations of traditional microbiological techniques 
have led to the search for new diagnostic methods based on 
the detection of biomarkers, most notably structural and meta
bolic components of Candida such as mannan, β-1,3-d
glucan, darabinitol, and DNA, as well as Candida antigen 
components and antibodies, but none of these methods are 
conclusive enough for application in clinical practice 
[27,37,40]. García-Ruiz et al. developed an indirect immuno
fluorescence (IIF) technique that detects specific antibodies to 
antigens located on the surface of the cell wall of C. albicans 
germ tubes (C. albicans germ tube-specific antibodies, CAG
TA) [8]. Since the mycelial phase of C. albicans is associated 
with tissue invasion, this technique differentiates between 
colonization and invasion. CAGTA detection has proved to be 
useful for the diagnosis of IC in both immunocompetent and 
immunocompromised patients, with a sensitivity and specific
ity of 79–89 % and 91–100 %, respectively [8,11,41,42]. 

The sensitivity and specificity of the commercial kit Inva
sive Candidiasis (CAGTA) IFA IgG (Vircell Microbiologists, 
Granada, Spain) in the diagnosis of IC are 84.4 % and 94.7 %, 
respectively [22], and data for its specificity and negative pre
dictive values have been corroborated in a recent study fo
cused on the discrimination of deepseated candidemias from 
transient or catheterrelated Candida infections not involving 
deep tissues [20]. León et al. [17] reported that positive CAG
TA titers combined with positive β-glucan values accurately 
differentiated Candida colonization from IC in intensive care 
unit (ICU) patients with severe abdominal conditions. Also, 
an additional role for CAGTA, as prognostic markers in criti
cally ill patients in ICUs has been suggested [50,51], based on 
the association of an increase in positive titers of CAGTA 
with a significant decrease in mortality (22.7 % vs. 61.2 % for 
those with negative CAGTA titers), particularly in patients 
undergoing antifungal treatment. The authors of those studies 
therefore have recommended that antifungal therapy be con
sidered in critically ill patients with increasing CAGTA titers. 
The advantages of the CAGTA method are that it is simple 
and fast, with good sensitivity and specificity. Nonetheless, an 
important limitation is that it has to be evaluated visually by IIF, 
which is a subjective method and thus difficult to standardize. 

In the search for novel biomarkers in the development of 
new diagnostic tools for IC, immunoproteomics has received 
serious consideration [9,25,29,31–33,35]. Serum IgG profiles 
in patients with IC and in healthy controls have been com
pared in order to identify Candida antigens recognized only 
or mainly by sera from infected patients. This strategy has 

resulted in the identification of a large number of biomarkers 
with potential applications in the early diagnosis of IC 
[9,29,32,33] and in the development of vaccines or immuno
therapies [7,25,31]. 

In this study an immunoproteomic strategy was used to 
determine the antigen recognition pattern of CAGTA through
out the course of a C. albicans infection in a rabbit animal 
model. Our results provide a time course and picture of the 
specific antibodies and marker antigens for IC and may serve 
as the basis for the development of new tools in the early and 
objective diagnosis of IC.

Materials and methods 

Strain and culture conditions. All experiments were carried out 
with C. albicans NCPF 3153 (National Collection of Pathogenic Fungi, Bris
tol, UK). Yeast-phase cells were routinely grown on Sabouraud agar (Difco, 
Sparks, MD, USA) plates at 24 ºC for 48 h. To obtain germ tubes, cells grown 
on Sabouraud agar were inoculated into TC199 medium (Sigma-Aldrich, St. 
Louis, MO, USA) and incubated at 24 ºC with shaking (120 rpm) overnight. 
The resulting blastospores were harvested and then suspended in four vol
umes of TC199 medium pre-heated to 37 ºC. The germ tubes were collected 
after 4 h of shake-incubation at 37 ºC and 120 rpm. 

Rabbit model of disseminated candidiasis. Two female New 
Zealand White rabbits (Granja Cunícola San Bernardo S.L; Navarra, Spain) 
each weighing approximately 2 kg were injected through the ear marginal 
vein with 2 × 106 blastospores of C. albicans suspended in 0.2 ml of sterile 
saline solution (day 0); inoculation was repeated on days 28, 56, and 84. 
Preimmune sera were withdrawn prior to infection; immune sera were col
lected through the ear marginal vein every week after the onset of infection. 
Blood samples were left to clot at 4 ºC overnight, and sera were stored at 
–20  ºC until needed.The rabbits were maintained at the animal facilities of 
the University of the Basque Country UPV/EHU (Spain), according to ani
mal welfare ethics policy. 

Quantification and purification of CAGTA. Serum CAGTA lev
els were titrated by IIF according to Moragues et al. [22]. The antibodies were 
purified from sera previously adsorbed with an equal volume of a suspension 
of heatinactivated C. albicans blastospores (1010cell/ml) for 2 h at room tem
perature, to remove antimannan antibodies. Adsorbed sera were centrifuged 
at 2500 rpm for 5 min. The supernatants were mixed with an equal volume of 
a pellet of germ tubes washed with phosphate buffered saline (PBS; Sigma-
Aldrich) and then incubated with gentle agitation at room temperature for 1 h. 
After centrifugation, the samples were washed with PBS and CAGTA bound 
to the mycelial surface were eluted in 5 ml of 2.5 M sodium iodide (Sigma-
Aldrich) in PBS by gentle shaking at room temperature for 1 h. After cen
trifugation, the supernatants containing the eluted CAGTA were dialyzed 
against PBS (MWCO 12,000–4000 Da; Medicell International, London, UK) and 
concentrated with polyethylene glycol 20,000 (Merck, Hohenbrunn, Germany). 

Two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE) of dithiothreitol (DTT) cell-wall extracts from Can-
dida albicans. Cellwall proteins of C. albicans NCPF 3153 were ex
tracted with DTT from germ tubes (DTT-GT) or blastospores (DTT-B), ac
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cording to Ponton and Jones [38]. Two hundred µg of DTT-extracted cell-
wall proteins were processed for western blotting, and 500 µg for Coomassie 
staining as follows: Cell-wall extracts were suspended in rehydration buffer 
containing 7 M urea, 2 M thiourea, 4 % 3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonate (CHAPS), 20 mM DTT, 0.5 % IPG buffer pH 
4–7 (v/v), and traces of bromophenol blue, and adsorbed onto 11-cm strips 
containing an immobilized pH gradient of 4–7 (IPG; GE Healthcare Bio-
Sciences, Uppsala, Sweden), with active rehydration at 50 V for 12 h at 
20 ºC. Isoelectric focusing was carried out on a Protean IEF cell electropho
resis unit (Bio-Rad, Hercules, CA, USA) under the following conditions: step 
1, 250 V for 20 min; step 2, ramped to 8000 V over 2.5 h; and step 3, 8000 V 
for a total of 30,000 V/h. After focusing, the IPG strips were equilibrated for 
15 min in a reducing solution of 1 % DTT (w/v) in 75 mM Tris-HCl pH 8.8, 
6 M urea, 30 % glycerol (v/v), 2 % sodium dodecyl sulfate (SDS) (w/v) 
(TUG-SDS) and then in an alkylating solution of 2.5 % iodoacetamide (w/v) 
in TUG-SDS, with gentle shaking. The second dimension was run in a Crite
rion XT Bis-Tris 4–12 % gel (Bio-Rad) in a Protean II electrophoresis cham
ber (Bio-Rad) at a constant voltage of 200 V for 55 min. Protein spots were 
stained with the colloidal blue staining kit (Invitrogen, USA) or electroblot
ted onto a polyvinyl difluoride (PVDF) membrane (Immobilon-P, Millipore, 
Bedford, MA, USA) using a semidry Fast-blot system (Biometra, Germany) 
and transfer buffer (25 mM Tris, 150 mM glycine, and 10 % methanol) at 0.25 
mA/cm2 for 1 h. 

Western blotting. PVDF membranes were incubated with the eluted 
CAGTA in Tris-buffered saline (TBS; 10 mM Tris-HCl, 0.9 % NaCl [w/v], 
pH 7.3) containing 8 % skimmed milk (TBS-M) in a humid chamber at 37 ºC 
for 1 h with gentle shaking. After washing three times with TBS, the mem
branes were incubated with horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG antibody (Sigma-Aldrich; 1:300 in TBS-M) under the same condi
tions. After washing with TBS, the membranes were processed with the Im
mun-Star HRP chemiluminescence kit (Bio-Rad) and the reactions were visu
alized with the Chemidoc Quantity One system (Bio-Rad). The reactive pro
teins were excised from parallel gels and identified by tandem mass spec
trometry (MS/MS). At least two replicates of each sample were obtained.

Mass spectrometry analysis. Selected protein spots were excised 
manually from the gel and subjected to ingel tryptic digestion according to 
Shevchenko et al.[44], with minor modifications. The gel pieces were swol
len in digestion buffer (50 mM NH4HCO3 and 12.5 ng/ µl proteomics grade 
trypsin [Roche, Basel, Switzerland]) and the digestion was allowed to pro
ceed at 37 °C overnight. The supernatant was recovered and peptides were 
extracted twice, first with 25 mM NH4HCO3 and acetonitrile (ACN, Thermo 
Scientific Pierce), and then with 0.1 % trifluoroacetic acid (Thermo Scientific 
Pierce) and ACN. The recovered supernatants and extracted peptides were 
pooled, dried in a SpeedVac, dissolved in 10 µl of 0.1 % formic acid (FA) 
(Thermo Scientific Pierce), and sonicated for 5 min.

MS/MS analysis was performed in a SYNAPT HDMS mass spectrome
ter (Waters, Milford, MA, USA) interfaced with a nanoAcquity UPLC sys
tem (Waters). An 8-µl aliquot of each sample was loaded into a Symmetry300 
C18 (180 µm × 20 mm) precolumn (Waters) and washed with 0.1 % FA for 3 
min at a flow rate of 5 µl/min. The precolumn was connected to a BEH130 
C18 column (75 µm x 200 mm; Waters) equilibrated in 3 % ACN and 0.1 % 
FA. Peptides were eluted with a 30-min linear gradient of 3–60 % ACN di
rectly into a nanoelectrospray capillary tip. The capillary voltage was set to 
3500 V and datadependent MS/MS acquisitions were performed on precur
sors with charge states of 2, 3, or 4 over a survey m/z range of 350–1990.

Spectra were processed using the Virtual Expert Mass Spectrometrist 
(VEMS) software [21] and searched against the SwissProt database (restrict
ed to “other fungi”) using Mascot (Matrix Science, London, UK). Protein 
identification was based on the following variables: carbamidomethylation of 

cysteines as fixed modification, oxidation of methionines as variable modifi
cation, 50ppm peptide mass tolerance, 0.1Da fragment mass tolerance, and 
1 missed cleavage.

Electron microscopy and immunocytochemistry. Candida al
bicans germ tubes or blastospores were washed in Sorenson’s buffer [0.133 
M Na2HPO4, 0.133 M KH2PO4 [4:1 v/v], pH 7.4], treated with fixing solution 
(0.5 % glutaraldehyde, 4 % formaldehyde in Sorenson’s buffer) at 4 °C for 24 h, 
and washed with 88 mM sucrose in Sorenson’s buffer. The cells were dehy
drated using graded concentrations of acetone, embedded in Spurr resin (low-
viscosity embedding medium Spurr’s kit, Electron Microscopy Sciences, 
Hatfield, PA, USA), and polymerized at 56 ºC for 2 days. Sections 50- to 
100nmthick were deposited on 200mesh nickel grids coated with Formvar 
(Electron Microscopy Sciences) and blocked with blocking solution (10 % 
inactivated goat serum, 0.02 % sodium azide, 0.1 % Tween-20 in PBS, pH 8.2) 
at room temperature for 1 h with gentle shaking in a humid chamber. The 
samples were then incubated with the eluted CAGTA in the incubation solu
tion (1 % inactivated goat serum, 1 % BSA, 0.02 % sodium azide, 0.1 % 
Tween-20 in PBS, pH 8.2) for 2 h under the same conditions. After washing 
with incubation solution, the samples were incubated with anti-rabbit IgG 
antibody labeled with 10-nm diameter colloidal gold (Sigma-Aldrich; 1:10 in 
incubation solution) under the same conditions. Finally, the samples were 
washed with blocking solution and distilled water, stained with 2 % uranyl 
acetate and lead citrate, and observed in a transmission electron microscope 
Philips EM208S. Negative controls without primary antibody were per
formed, and samples were obtained from two independent experiments.

 

Results 

Fungal infection of rabbits with Candida albicans. The in
jection of four doses of 2 × 106 blastospores of C. albicans 
NCPF 3153 produced a disseminated fungal infection in the 
two rabbits, and their immune systems developed antibodies 
(CAGTA) that recognized antigens on the surface of C. albi
cans germ tubes, as determined by IIF (Fig. 1). CAGTA titers 
were estimated for each serum sample collected during the 
course of the experiment, and rabbits 1 and 2 showed a similar 
trend in their humoral immune responses to IC (Fig. 2). The 
levels of CAGTA rose moderately after the first injection but 
increased significantly after the second and third injections, 
reaching peak titers (1/640 and 1/1280) on day 72. Although 
differing in extent, the CAGTA titers for the two rabbits tended 
to stabilize by the end of the third round of infection (Fig. 2). 

Antigens recognized by CAGTA. Since CAGTA serve 
as markers of invasive Candida infection, we identified the re
acting antigens in a DTT cell-wall extract of C. albicans germ 
tubes (DTT-GT) separated by 2D-PAGE. The reproducibility of 
the gels allowed a comparison of the Coomassiestained refer
ence protein map (Fig. 3A) with the spots reacting with the 
CAGTA by immunoblotting (Fig. 3C), and thereby the identifi
cation of the corresponding proteins by MS/MS analysis.  
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When analyzed by Western blotting, pre-immune sera 
(day 0) adsorbed with C. albicans blastospores were not reac
tive with C. albicans DTT-GT proteins. However, the eluted 
CAGTA purified from immune sera obtained on days 3, 17, 
37, and 58 after the initial infection recognized several protein 
spots on the DTT-GT bidimensional map. Seven proteins 
were identified by MS/MS: methionine synthase (Met6), ino
sitol-3-phosphate synthase (Ino1), enolase 1 (Eno1), alcohol 
dehydrogenase 1 (Adh1), 3-phosphoglycerate kinase (Pgk1), 
14-3-3 (or Bmh1), and nascent polypeptide-associated com

plex, α subunit (or Egd2) (Fig. 3A,C). CAGTA reactivity was 
highly similar for the two rabbits although the intensities of 
the reactions oscillated over the course of the infection (Table 1). 
Antigens Eno1 and Ino1 showed a strong reactivity that began 
at the early stages of infection (Table 1) and remained stable 
over time. Met6 and Adh1 displayed an intermittent reactivity 
with either of the rabbit antisera (Table 1). CAGTA exhibited 
strong reactivity against the 1433 protein in the sera of both 
rabbits three days after the initial infection (Table 1), even though 
CAGTA were not appreciable by IIF at that time. This reactiv
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Fig. 1. Reaction of serum CAGTA from a rabbit with disseminated candidia
sis with the cellwall surface of Candida albicans germ tubes, as evidenced 
by indirect immunofluorescence [22]. The germ-tube surfaces stain brightly 
(light green in the color version of the image) after their reaction with a sec
ondary FITC-conjugated anti-rabbit IgG antibody (Sigma); the blastospores 
are red following contrast staining with Evan’s blue.

Fig. 2. Change over time of the serum CAGTA response of two rabbits infected with Candida albicans NCPF 3153. 
Arrows indicate the time (days 0, 28, 56, and 84) at which the rabbits were infected intravenously with 2 × 106 blasto
spores in saline.
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ity gradually diminished over time but recovered after the 
second inoculation with C. albicans. A reaction with Egd2 
was not observed until day 37 (Table 1), after which the reac
tivity remained strong with rabbit 2 sera but gradually faded 
in the sera of rabbit 1. Similarly, CAGTA reactivity against 
Pgk1 was weaker in sera from rabbit 1 (Table 1). In addition, as 
shown in the 2D profiles stained with Coomassie blue (Fig. 
3A), most antigens had several isoforms such that their reac
tivity with CAGTA in the sera of both rabbits was rather het
erogeneous. 

In a different approach to characterize the antigens react
ing with CAGTA, the 2D-PAGE protein pattern displayed by 
the DTT cell-wall extracts of C. albicans blastospores was 
compared with that of the germ tubes. The images from Coo
massie stained 2Dgels were very similar for most of the pro
teins, although some of the bands differed in their relative 
concentrations and/or electrophoretic mobility (Fig. 3A,B). 
However, using CAGTA purified from the 58-day serum 
of rabbit 2, the main antigens recognized in the DTTB 
extract were the same as those identified in the DTT-GT 
extract (Fig. 3C,D).

Location of antigens recognized by CAGTA. Im
munoelectron microscopy, used to locate the identified antigens 
in the C. albicans cell wall, revealed that the CAGTA reacted 
with superficial elements of the germ-tube cell walls (Fig. 4A), 
although reactive components were also present in the inner 
layers. By contrast, CAGTA only reacted with compounds lo
cated in the inner layers of the blastospore cell wall (Fig. 4B). 

Discussion 

Because of the commensal nature of C. albicans, one of the 
challenges of the serological diagnosis of IC has been to dif
ferentiate between colonized and infected patients. The detec
tion of CAGTA solves this diagnostic problem since the anti
bodies recognize specific antigens on the surface of C. albi
cans germ tubes, the morphological phase associated with 
invasion. However, immunofluorescence-based analysis re
quires subjective interpretation of the results, ruling out auto
mation of the process and thus its standardization. In this 
study, we set out to characterize the antigen recognition pat
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Fig. 3. Two-dimensional electrophoresis of DTT cell-wall extracts of germ tubes and blastopores of Candida albicans NCPF 3153. (A)   
Germ tubes (DTT-GT). (B) Blastopores (DTT-B). Gels were stained with the colloidal blue staining kit (Invitrogen). Immunoblot of DTT-
GT (C) and DTT-B (D) extracts assayed with CAGTA eluted from the serum of rabbit 2 on day 58 of the IC model of infection.
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tern of CAGTA over the duration of IC using a rabbit animal 
model. The recognition in IC patients of at least a subset of 
these antigens by one or more CAGTA may provide the basis 
for the development of more sensitive and specific diagnostic 
techniques for IC, as reported by Clancy et al. [3].

Western blot analysis of C. albicans DTT-GT extracts 
separated by 2D-PAGE identified Met6, Ino1, Eno1, Adh1, 
Pgk1, 14–3–3 (Bmh1), and Egd2 as the major proteins recog
nized by the CAGTA of rabbits with IC. Although these pro
teins are involved in cellular processes carried out in the cyto
plasm, they have also been detected in the cell wall of C. albi
cans blastospores [2,19,23,43,48] and mycelia [6,19,36,47,48]. 
Several of these proteins are involved in cellular metabolism, 
such as Eno1 and Pgk1, which are glycolytic enzymes. Eno1 

has also been described as an allergen [12], while Pgk1 par
ticipates in the biogenesis and degradation of the C. albicans 
cell wall [1]. Adh1 is involved in glucose fermentation, by 
reducing acetaldehyde to ethanol, and is also an allergen. 
Note that these three proteins bind human plasminogen, gen
erating the proteolytic enzyme plasmin, which could increase 
the capacity of C. albicans for tissue invasiveness and necro
sis [5,13]. Ino1 catalyzes the conversion of glucose-6-phos
phate to inositol-1-phosphate, the first step in the production 
of inositolcontaining components such as phospholipids, 
which are essential for cell-membrane lipid bilayers [15]. 
Met6 is involved in the biosynthesis of methionine during C. 
albicans morphogenesis and is essential for growth, by limit
ing the toxicity of homocysteine [45]. 

Table 1. Major cell-wall proteins in DTT extracts of Candida albicans germ tubes reacting with CAGTA raised in two rabbits with experimental 
disseminated candidiasis

               CAGTA reactivitye (days of infection)

      Rabbit 1    Rabbit 2  

Protein name (Accesion No.)a Spot No.b Mr (kDa)c pId 0 3 17 37 58 0 3 17 37 58

Methionine synthase (P82610) 1–4 85.8 5.44 – – ++ – +++ – – ++ – ++

Inositol3phosphate synthase 
(P42800) 5–7 57.8 5.35 – – +++ +++ ++ – – +++ ++ ++

Enolase-1 (P30575) 8–12 47.2 5.54 – – +++ +++ +++ – + ++ ++ +++

Alcohol dehydrogenase 1 
(P43067) 13–15 37.2 6.02 – – ++ – ++ – – + – ++

Phosphoglicerate kinase 1  
(P46273) 16–17 45.3 6.07 – – – + + – + ++ + +++

Bmh1 (O42766) 18 29.6 4.75 – +++ – +++ +++ – +++ + ++ +++

Nascent polypeptideassociated 
complex subunit alpha 
(Q5ANP2)

19–21 19.5 4.7 – – – ++ – – – – +++ +++

                              CAGTA titerf 0 0 10 80 320 0 0 20 80 160

aProtein name and accession number according to the UniProtKB database. bSpot numbers as indicated in the gel shown in Figure 3A.
cProtein molecular weight as shown in the SwissProt database. dTheoretical isoelectric point as shown in the SwissProt database.
eCAGTA reactivity levels (+++, very strong; ++, strong; +, mild; –, no reactivity). fCAGTA titer (inverse) of sera evaluated by IIF.
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Bmh1 and Egd2 are also involved in other cellular pro
cesses. Bmh1 is required for both the vegetative growth and 
the filamentation of C. albicans. In addition, it participates in 
processes such as the cellular response to stimuli, chlamydo
spore formation, pathogenesis, the regulation of carbohydrate 
metabolism, and signal transduction [4,14,24,49]. Therefore, 
this protein is likely to play a key role in colonization and in
vasion, by coordinating the necessary regulatory systems. 
Egd2 is the α subunit of the ribosomal nascent polypeptide-
associated complex, which consists of Egd1 and Egd2. It par
ticipates in the transport of both cytoplasmic and mitochon
drial proteins, binding to emerging polypeptides and thereby 
ensuring their proper orientation.

All of the above proteins have been described in both blas
tospores and mycelia of C. albicans, but quantitative studies 
have shown differences in their expression depending on the 
morphology of the fungus. Pitarch et al. [36] have found that, 
among others, Pgk1, Eno1, Adh1, and Ino1 are overexpressed 
after the induction of C. albicans germination. Martínez-Go
mariz et al. [19] have added Met6 to this group of proteins. 
While Ebanks et al. [6] have also reported the expression of 
Adh1 protein in the mycelial phase, they found greater 
amounts of Egd2 and Eno1 in the yeast phase. In our study the 
protein map of DTT-GT cell-wall extract separated by 2D-
PAGE also differed to some extent from that of DTT-B ex
tracts. However, CAGTA eluted from germ tubes of C. albi
cans reacted mainly with the same antigens in the two ex
tracts. Since in the IIF assay CAGTA reacted only with com
pounds of the cell surface of germ tubes, we asked whether 

the cellular location of the antigens depended on the morphol
ogy of C. albicans. Immunoelectron microscopy showed that 
CAGTA reacted with antigens that were mainly located on the 
outer layers of germtube cell walls, whereas in blastospores 
reactivity was in the inner layers of the cell wall. The morpho
logical dependence of the position of some antigens in the C. al
bicans cell-wall structure has been reported by Pontón et al. 
[39], who described four types of antigens in the C. albicans 
cell wall based on their differential reactivity with several 
monoclonal antibodies. According to that system, the CAGTA 
antigens described in our study belong to type II, since they 
were located on the surface of the germtube cell wall and in 
the inner layers of the blastospore cell wall. 

The location of at least some of the proteins on the outer 
germtube surface is in agreement with the development of 
CAGTA as a specific response of the host immune system 
during the invasive process. Our observations are consistent 
with those of other immunoproteomic studies that have attri
buted antigenic characteristics to most of the proteins identifi
ed using these antibodies, both in murine models of infection 
[30,46] and in patients with IC [9,25,29,31,32,34,35]. The im
munogenicity of these proteins has allowed the development 
of ELISA tests to detect specific antibodies of diagnostic util
ity, with satisfactory results reported for recombinant Eno1 
[16,18,32], Met6, and Pgk1 [3,33].

 To the best of our knowledge, ours is the first study to 
identify Bmh1 and Egd2 in a study characterizing the CAGTA 
response in an animal infection model. In addition to this, 
CAGTA of both rabbits reacted with Bmh1 at a very early 
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Fig. 4. Transmission electron microscopy images of the cell wall of Candida albicans NCPF 3153, showing the reaction of CAGTA purified from 
the serum of a rabbit infected with this fungal strain. Note that the colloidal gold particles are mainly located in the outermost cellwall layers of the 
germ tubes (A), and in the inner cell-wall layers of blastospores (B). Arrows indicate the different positions of the colloidal gold particles.
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stage of infection, only 3 days after the first inoculation, be
fore CAGTA were detectable by IIF. The apparent absence of 
this reactivity in the preimmune sera may reflect previous sen
sitization to low levels of this protein, given the commensal 
nature of C. albicans in the yeastphase morphology. Since 
Bmh1 belongs to a family of conserved regulatory proteins 
expressed in all eukaryotic cells, such that the rabbits may 
have been previously sensitized, the paradoxical behavior of 
CAGTA could be indicative of a quick response to the expo
sure of this antigen on the surface of the C. albicans germ 
tubes at the onset of fungal invasion. Because Bmh1 is in
volved in the filamentation process [14] and reacts with CAG
TA of infected rabbits, the detection in serum of this protein 
and/or specific antibodies against it may allow its use as an 
early marker of IC. Further studies would be essential to con
firm this relationship and whether it also pertains to IC in hu
mans.

Acknowledgements. This work was funded by UFI 11/25 from the 
University of the Basque Country, Saiotek S-PC12UN010, and Grupos de 
Investigación Consolidados IT788-13 of the Basque Government (to MDM). 
A.Sáez-Rosón is the recipient of a pre-doctoral grant from the Basque Gov
ernment (Spain). Mass spectrometry and immunoelectron microscopy analy
ses were performed in the Proteomics Core Facility (member of ProteoRed) 
and Microscopy Facility of SGIKER, respectively, at the University of the 
Basque Country. The authors are grateful to Dr. M.L. Gainza for her valuable 
English review of the manuscript.

Conflict of interest. None declared.

References
 
1.  Alloush HM, Lopez-Ribot JL, Masten BJ, Chaffin WL (1997) 3-Phos

phoglycerate kinase: a glycolytic enzyme protein present in the cell wall 
of Candida albicans. Microbiology 143 ( Pt 2):321-330

2.  Castillo L, Calvo E, Martínez AI, Ruiz-Herrera J, Valentín E, López JA, 
Sentandreu R (2008) A study of the Candida albicans cell wall pro
teome. Proteomics 8:3871-3881

3.  Clancy CJ, Nguyen ML, Cheng S, et al. (2008) Immunoglobulin G re
sponses to a panel of Candida albicans antigens as accurate and early 
markers for the presence of systemic candidiasis. J Clin Microbiol 
46:1647-1654

4.  Cognetti D, Davis D, Sturtevant J (2002) The Candida albicans 1433 
gene, BMH1, is essential for growth. Yeast 19:55-67

5.  Crowe JD, Sievwright IK, Auld GC, Moore NR, Gow NA, Booth NA 
(2003) Candida albicans binds human plasminogen: identification of 
eight plasminogen-binding proteins. Mol Microbiol 47:1637-1651

6.  Ebanks RO, Chisholm K, McKinnon S, Whiteway M, Pinto DM (2006) 
Proteomic analysis of Candida albicans yeast and hyphal cell wall and 
associated proteins. Proteomics 6:2147-2156

7.  Fernández-Arenas E, Molero G, Nombela C, Díez-Orejas R, Gil C 
(2004) Low virulent strains of Candida albicans: unravelling the anti
gens for a future vaccine. Proteomics 4:3007-3020

8.  García-Ruiz JC, del Carmen Arilla M, Regúlez P, Quindós G, Alvarez A, 
Pontón J (1997) Detection of antibodies to Candida albicans germ tubes 
for diagnosis and therapeutic monitoring of invasive candidiasis in pa
tients with hematologic malignancies. J Clin Microbiol 35:3284-3287

9.  Hernando FL, Calvo E, Abad A, Ramírez A, Rementeria A, Sevilla MJ, 
Pontón J (2007) Identification of protein and mannoprotein antigens of 
Candida albicans of relevance for the serodiagnosis of invasive candi
diasis. Int Microbiol 10:103-108

10.  Horn DL, Neofytos D, Anaissie EJ, Fishman JA, Steinbach WJ, Olyaei 
AJ, Marr KA, Pfaller MA, et al. (2009) Epidemiology and outcomes of 
candidemia in 2019 patients: data from the prospective antifungal thera
py alliance registry. Clin Infect Dis 48:1695-1703

11.  Iruretagoyena JR, Regúlez P, Quindós G, Pontón J (2000) Antibodies to 
Candida albicans germ tubes in two intensive care patients with invasive 
candidiasis. Rev Iberoam Micol 17:93-96

12.  Ishiguro A, Homma M, Torii S, Tanaka K (1992) Identification of Can
dida albicans antigens reactive with immunoglobulin E antibody of hu
man sera. Infect Immun 60:1550-1557

13.  Jong AY, Chen SH, Stins MF, Kim KS, Tuan TL, Huang SH (2003) Bind
ing of Candida albicans enolase to plasmin(ogen) results in enhanced 
invasion of human brain microvascular endothelial cells. J Med Micro
biol 52:615-622

14.  Kelly MN, Johnston DA, Peel BA, Morgan TW, Palmer GE, Sturtevant 
JE (2009) Bmh1p (14-3-3) mediates pathways associated with virulence 
in Candida albicans. Microbiology 155:1536-1546

15.  Klig LS, Zobel PA, Devry CG, Losberger C (1994) Comparison of INO1 
gene sequences and products in Candida albicans and Saccharomyces 
cerevisiae. Yeast 10:789-800

16.  Laín A, Moragues MD, García-Ruiz JC, Mendoza J, Camacho A, Del 
Palacio A, Pontón J (2007) Evaluation of a novel enzyme-linked immuno
sorbent assay to detect immunoglobulin G antibody to enolase for sero-
diagnosis of invasive candidiasis. Clin Vaccine Immunol 14:318-319

17.  León C, Ruiz-Santana S, Saavedra P, Castro C, Úbeda A, Loza A, Mar
tín-Mazuelos E, Blanco A, et al. (2012) Value of β-dglucan and Candida 
albicans germ tube antibody for discriminating between Candida coloni
zation and invasive candidiasis in patients with severe abdominal condi
tions. Intensive Care Med 38:1315-1325

18.  Li FQ, Ma CF, Shi LN, Lu JF, Wang Y, Huang M, Kong QQ (2013) 
Diagnostic value of immunoglobulin G antibodies against Candida eno
lase and fructosebisphosphate aldolase for candidemia. BMC Infect Dis 
13:253-2334

19.  Martínez-Gomariz M, Perumal P, Mekala S, Nombela C, Chaffin WL, 
Gil C (2009) Proteomic analysis of cytoplasmic and surface proteins 
from yeast cells, hyphae, and biofilms of Candida albicans. Proteomics 
9:2230-2252

20.  Martínez-Jiménez MC, Muñoz P, Guinea J, Valerio M, Alonso R, Es
cribano P, Bouza E (2014) Potential role of Candida albicans germ tube 
antibody in the diagnosis of deep-seated candidemia. Med Mycol 52: 
270275

21.  Matthiesen R, Trelle MB, Hojrup P, Bunkenborg J, Jensen ON (2005) 
VEMS 3.0: algorithms and computational tools for tandem mass spec
trometry based identification of post-translational modifications in pro
teins. J Proteome Res 4:2338-2347

22.  Moragues MD, Ortiz N, Iruretagoyena JR, García-Ruiz JC, Amutio E, 
Rojas A, Mendoza J, Quindós G, et al. (2004) Evaluation of a new com
mercial test (Candida albicans IFA IgG) for the serodiagnosis of inva
sive candidiasis (In Spanish). Enferm Infecc Microbiol Clin 22:83-88

23.  Mukherjee PK, Mohamed S, Chandra J, Kuhn D, Liu S, Antar OS, 
Munyon R, Mitchell AP, et al. (2006) Alcohol dehydrogenase restricts 



Int. MIcrobIol. Vol. 17, 2014C. albiCans germ tubes 29

the ability of the pathogen Candida albicans to form a biofilm on cath
eter surfaces through an ethanolbased mechanism. Infect Immun 
74:3804-3816

24.  Palmer GE, Johnson KJ, Ghosh S, Sturtevant J (2004) Mutant alleles of 
the essential 1433 gene in Candida albicans distinguish between 
growth and filamentation. Microbiology 150:1911-1924

25.  Pardo M, Ward M, Pitarch A, Sánchez M, Nombela C, Blackstock W, Gil 
C (2000) Cross-species identification of novel Candida albicans immu
nogenic proteins by combination of twodimensional polyacrylamide gel 
electrophoresis and mass spectrometry. Electrophoresis 21:2651-2659

26.  Parkins MD, Sabuda DM, Elsayed S, Laupland KB (2007) Adequacy 
of empirical antifungal therapy and effect on outcome among patients 
with invasive Candida species infections. J Antimicrob Chemother 
60:613-618

27.  Pemán J, Zaragoza R (2012) Towards an early diagnosis of invasive can
didiasis in the critically ill patient. Rev Iberoam Micol 29:71-75 (In 
Spanish)

28.  Pfaller MA, Diekema DJ, Gibbs DL, Newell VA, Ellis D, Tullio V, Rod
loff A, Fu W, Ling TA, and the Global Antifungal Surveillance Group 
(2010) Results from the ARTEMIS DISK Global Antifungal Surveil
lance Study, 1997 to 2007: a 10.5-year analysis of susceptibilities of 
Candida species to fluconazole and voriconazole as determined by CLSI 
standardized disk diffusion. J Clin Microbiol 48:1366-1377

29.  Pitarch A, Abian J, Carrascal M, Sánchez M, Nombela C, Gil C (2004) 
Proteomics-based identification of novel Candida albicans antigens for 
diagnosis of systemic candidiasis in patients with underlying hemato
logical malignancies. Proteomics 4:3084-3106

30.  Pitarch A, Díez-Orejas R, Molero G, Pardo M, Sánchez M, Gil C, Nom
bela C (2001) Analysis of the serologic response to systemic Candida 
albicans infection in a murine model. Proteomics 1:550-559

31.  Pitarch A, Jiménez A, Nombela C, Gil C (2006) Decoding serological 
response to Candida cell wall immunome into novel diagnostic, prog
nostic, and therapeutic candidates for systemic candidiasis by proteomic 
and bioinformatic analyses. Mol Cell Proteomics 5:79-96

32.  Pitarch A, Jiménez A, Nombela C, Gil C (2008) Serological proteome 
analysis to identify systemic candidiasis patients in the intensive care 
unit: Analytical, diagnostic and prognostic validation of anti-Candida 
enolase antibodies on quantitative clinical platforms. Proteomics Clin 
Appl 2:596-618

33.  Pitarch A, Nombela C, Gil C (2007) Reliability of antibodies to Candida 
methionine synthase for diagnosis, prognosis and risk stratification in 
systemic candidiasis: A generic strategy for the prototype development 
phase of proteomic markers. Proteomics Clin Appl 1:1221-1242 

34.  Pitarch A, Nombela C, Gil C (2011) Prediction of the clinical outcome in 
invasive candidiasis patients based on molecular fingerprints of five anti-
Candida antibodies in serum. Mol Cell Proteomics 10:M110.004010

35.  Pitarch A, Pardo M, Jiménez A, Pla J, Gil C, Sánchez M, Nombela C 
(1999) Two-dimensional gel electrophoresis as analytical tool for iden
tifying Candida albicans immunogenic proteins. Electrophoresis 
20:1001-1010

36.  Pitarch A, Sánchez M, Nombela C, Gil C (2002) Sequential fractionation 
and two-dimensional gel analysis unravels the complexity of the dimor
phic fungus Candida albicans cell wall proteome. Mol Cell Proteomics 
1:967-982

37.  Pontón J (2009) Utilidad de los marcadores biológicos en el diagnóstico 
de la candidiasis invasora. Rev Iberoamer Micol 26:8-14 (In Spanish)

38.  Pontón J, Jones JM (1986) Identification of two germ-tube-specific cell 
wall antigens of Candida albicans. Infect Immun 54:864-868

39.  Pontón J, Marot-Leblond A, Ezkurra PA, Barturen B, Robert R, Senet JM 
(1993) Characterization of Candida albicans cell wall antigens with 
monoclonal antibodies. Infect Immun 61:4842-4847

40.  Quindós G, Eraso E, López-Soria LM, Ezpeleta G (2012) Enfermedad 
fúngica invasora: ¿Diagnóstico micológico convencional o molecu
lar? Enferm Infecc Microbiol Clin 30:560-571 (In Spanish)

41.  Quindós G, Pontón J, Cisterna R (1987) Detection of antibodies to Can
dida albicans germ tube in the diagnosis of systemic candidiasis. Eur J 
Clin Microbiol 6:142-146

42.  Quindós G, Pontón J, Cisterna R, Mackenzie DW (1990) Value of detec
tion of antibodies to Candida albicans germ tube in the diagnosis of 
systemic candidosis. Eur J Clin Microbiol Infect Dis 9:178-183

43.  Saville SP, Thomas DP, Lopez Ribot JL (2006) A role for Efg1p in Can
dida albicans interactions with extracellular matrices. FEMS Microbiol 
Lett 256:151-158

44.  Shevchenko A, Wilm M, Vorm O, Mann M (1996) Mass spectrometric 
sequencing of proteins silverstained polyacrylamide gels. Anal Chem 
68:850-858

45.  Suliman HS, Appling DR, Robertus JD (2007) The gene for cobalamin-
independent methionine synthase is essential in Candida albicans: a po
tential antifungal target. Arch Biochem Biophys 467:218-226

46.  Thomas DP, Viudes A, Monteagudo C, Lazzell AL, Saville SP, Lopez
Ribot JL (2006) A proteomic-based approach for the identification of 
Candida albicans protein components present in a subunit vaccine that 
protects against disseminated candidiasis. Proteomics 6:6033-6041

47.  Urban C, Sohn K, Lottspeich F, Brunner H, Rupp S (2003) Identification 
of cell surface determinants in Candida albicans reveals Tsa1p, a protein 
differentially localized in the cell. FEBS Lett 544:228-235

48.  Vialas V, Perumal P, Gutierrez D, Ximenez-Embun P, Nombela C, Gil C, 
Chaffin WL (2012) Cell surface shaving of Candida albicans biofilms, 
hyphae, and yeast form cells. Proteomics 12:2331-2339

49.  Wang YK, Das B, Huber DH, Wellington M, Kabir MA, Sherman F, 
Rustchenko E (2004) Role of the 14-3-3 protein in carbon metabolism of 
the pathogenic yeast Candida albicans. Yeast 21:685-702

50.  Zaragoza R, Pemán J, Quindós G, et al. (2009) Clinical significance of 
the detection of Candida albicans germ tube-specific antibodies in criti
cally ill patients. Clin Microbiol Infect 15:592-595

51.  Zaragoza R, Pemán J, Quindós G, et al. (2009) Kinetic patterns of Can
dida albicans germ tube antibody in critically ill patients: influence on 
mortality. Clin Vaccine Immunol 16:1527-1528


