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ABSTRACT Fourier transform infrared (FTIR) spectroscopy has demonstrated applicability
as a reagent-free whole-organism fingerprinting technique for both microbial identifica-
tion and strain typing. For routine application of this technique in microbiology laborato-
ries, acquisition of FTIR spectra in the attenuated total reflectance (ATR) mode simplifies
the FTIR spectroscopy workflow, providing results within minutes after initial culture with-
out prior sample preparation. In our previous central work, 99.7% correct species identifi-
cation of clinically relevant yeasts was achieved by employing an ATR-FTIR-based method
and spectral database developed by our group. In this study, ATR-FTIR spectrometers
were placed in 6 clinical microbiology laboratories over a 16-month period and were
used to collect spectra of routine yeast isolates for on-site identification to the species
level. The identification results were compared to those obtained from conventional
biochemical tests and/or matrix-assisted laser desorption/ionization–time of flight mass
spectrometry. Isolates producing discordant results were reanalyzed by routine identifi-
cation methods, ATR-FTIR spectroscopy, and PCR gene sequencing of the D1/D2 and
internal transcribed spacer (ITS) regions. Among the 573 routine clinical yeast isolates
collected and identified by the ATR-FTIR-based method, 564 isolates (98.4%) were correctly
identified at the species level, while the remaining isolates were inconclusive with no misi-
dentifications. Due to the low prevalence of Candida auris in routine isolates, additional ran-
domly selected C. auris (n = 24) isolates were obtained for evaluation and resulted in 100%
correct identification. Overall, the data obtained in our multicenter evaluation study using
multiple spectrometers and system operators indicate that ATR-FTIR spectroscopy is a
reliable, cost-effective yeast identification technique that provides accurate and timely
(;3 min/sample) species identification promptly after the initial culture.

KEYWORDS ATR, FTIR, infrared spectroscopy, attenuated total reflectance, clinical
microbiology, in vitro diagnostics, multicenter evaluation, mycology, species
identification, yeasts

Fungal infections affect over a billion people worldwide, resulting in an estimated
1.5 million deaths each year (1). It is also estimated that there are approximately 700,000

global cases of invasive candidiasis and over 220,000 cases of fungal disease due to
Cryptococcus neoformans associated with HIV/AIDS complications (2, 3). Over the past few
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decades, there has been a reported increase in nosocomial candidiasis, with candidemia
being associated with mortality rates of over 40% of those infected (4–6). Furthermore,
Candida spp. in many developed countries are the 3rd or 4th leading cause of nosocomial
bloodstream infections. These opportunistic microorganisms pose the greatest risk to the el-
derly population, neonates, and those who are immunocompromised (6). Although Candida
albicans accounts for over 40% of all yeast infections, there is an increasing prevalence of infec-
tions due to Candida species other than C. albicans. For example, the increase in incidence of
infections caused by C. auris is troublesome due to its ability to acquire antifungal resistance
and the ease of person-to-person transmission, complicating treatment and/or resulting in
poor patient outcomes (6–8).

Rapid identification of yeasts is necessary for appropriate patient care and to reduce
the spread of antifungal resistance. Matrix-assisted laser desorption/ionization–time of
flight mass spectrometry (MALDI-TOF MS) has revolutionized microbial identification in
both bacteriology and mycology in the past decade due to its simplicity, rapidness,
and reliability for identification of microorganisms to the species level relative to conventional
biochemical techniques (9–12). It is also the first commercially available and widely accepted
spectral fingerprinting technique for in vitro diagnostics. Although it has revolutionized clinical
microbiology, the high initial capital cost associated with the technique, along with expenses
for reagents, the requirement for additional pretreatment steps for fungi, disposable target
plates, and maintenance, has hindered the spread to small and midsized laboratories of
the technology (13).

Within the realm of microbiology, Fourier transform infrared (FTIR) spectroscopy
has been widely applied for the investigation of cell metabolism, microbial identification,
and strain typing (14–23). However, there is a lack of standardization and spectral database
evaluation studies in the clinical setting. When coupled with the attenuated total reflectance
(ATR) mode of spectral acquisition, FTIR spectroscopy becomes a rapid, reagent-free, and
low-maintenance technique that does not require any sample preparation after culture nor
heat-, drying-, or vacuum-related downtime.

Our group, in previous work, has created and developed an ATR-FTIR spectroscopy-based
microbial spectral profiling or “spectrotyping” technique (defined as the process of determin-
ing the differences between spectra obtained from microorganisms based on the absence or
presence and relative intensities of infrared absorption bands) for rapid identification of clini-
cally relevant yeasts (14). Spectrotyping entails the implementation of standardized culturing
methods and well-defined ATR-FTIR spectral acquisition and preprocessing techniques to con-
struct a spectral database of highly reproducible ATR-FTIR spectra of well-characterized iso-
lates. Through spectrotyping of clinical yeast isolates, a database was created consisting of 65
species and 23 genera, and a multitier classification strategy was developed to classify an
unknown yeast isolate based on its spectral similarity to isolates included in the database. This
spectrotyping approach was subsequently evaluated centrally with 318 routine yeast isolates,
resulting in 100% correct genus and 99.7% correct species identification (14).

The results of the latter proof-of-concept study warranted the undertaking of a mul-
ticenter evaluation study to confirm the performance of the ATR-FTIR spectroscopy-
based yeast identification technique and serve as an initial step toward potential routine
implementation. For this purpose, multiple ATR-FTIR spectrometers were furnished with the
ATR-FTIR reference spectral database and classification models described above and were
set up to automate all steps in the identification of an unknown yeast isolate beyond spec-
tral acquisition (microbial sample deposition onto the sampling surface), producing an iden-
tification result within about a minute. Over a 16-month period, these ATR-FTIR systems for
rapid on-site identification of routine yeast isolates were evaluated in 6 clinical microbiology
laboratories, and the ATR-FTIR spectroscopy-based identification results were compared to
the results of standard identification techniques (conventional biochemical tests, MALDI-TOF
MS, and/or ribosomal DNA [rDNA] gene sequencing) implemented by the participating labo-
ratories. A successful outcome of this multicenter study could pave the way for the accredi-
tation of ATR-FTIR spectroscopy as an in vitro diagnostic device for yeast identification,
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facilitating its acceptance and implementation in clinical settings for routine identification of
both yeasts and bacteria.

MATERIALS ANDMETHODS
Samples. A total of 573 yeast isolates (17 genera and 29 species) (Table 1), obtained from routine

clinical specimens (i.e., blood, urine, or respiratory specimens) onto agar culture media (i.e., Sabouraud
dextrose agar [SAB], Sabouraud dextrose agar Emmons, or inhibitory mold agar), were tested in this mul-
ticenter study over a cumulative 16-month period. The majority of these isolates were tested on-site in
the clinical microbiology laboratories at five hospitals (with the number of isolates indicated in paren-
theses): Centre Hospitalier Universitaire du Sherbrooke (CHUS) (n = 93), Centre Hospitalier Universitaire
Sainte Justine (CHUSJ) (n = 51), Hôpital Maisonneuve-Rosemont (HMR) (n = 100), Centre Universitaire de
Santé McGill (CUSM) (n = 100), and Centre Hospitalier de l’Université de Montréal (CHUM) (n = 97). The iso-
lates tested at each study site were fresh routine isolates or came from frozen stock to facilitate batch testing
and accumulation of approximately 100 isolates within a limited time frame. In addition, 132 isolates received
by the provincial reference mycology laboratory Laboratoire de Santé Publique du Québec (LSPQ) for routine
identification were included in the study.

Due to the low prevalence of C. auris (n = 1) among the routinely isolated yeasts in the multicenter
study (but its high importance for accurate identification), it was necessary to obtain additional isolates
of C. auris. Twenty-four well-characterized (by whole-genome sequencing and PCR) C. auris isolates
(clades I to IV) were provided by the Centers for Disease Control and Prevention (CDC; Atlanta, GA).

Standard routine species identification and antimicrobial susceptibility testing. Isolates collected at
CHUS, CUSM, CHUM, HMR, and LSPQ were routinely identified by MALDI-TOF MS (Vitek MS; bioMérieux,
Marcy-l'�Etoile, France) using the Vitek MS v3.2 clinical knowledge database, while isolates collected at
CHUSJ were identified by Vitek 2 v8.01 (bioMérieux, Marcy-l'�Etoile, France) or were sent to LSPQ for de-
finitive identification. Confirmatory testing of supplemental isolates of C. auris (n = 24) received from

TABLE 1 Performance of centrally created ATR-FTIR spectral reference database in a multicenter evaluation study for the identification of
clinical yeasts

Microorganism (previous name)

No. (%) of isolates

In database Collected With correct identification Misidentified With no identificationa

Candida albicans 16 254 254 (100) 0 (0) 0 (0)
Candida auris 11 1 1 (100) 0 (0) 0 (0)
Candida dubliniensis 13 25 24 (96) 0 (0) 1 (4)
Candida (Nakaseomyces) glabrata 17 80 79 (98.8) 0 (0) 1 (1.25)
Candida metapsilosis 1 1 0 (0) 0 (0) 1 (100)
Candida orthopsilosis 9 4 3 (75) 0 (0) 1 (25)
Candida parapsilosis 12 90 90 (100) 0 (0) 0 (0)
Candida tropicalis 15 37 37 (100) 0 (0) 0 (0)
Clavispora (Candida) lusitaniae 10 25 25 (100) 0 (0) 0 (0)
Cryptococcus neoformans 9 2 2 (100) 0 (0) 0 (0)
Cyberlindnera jadinii (Candida utilis) 4 1 1 (100) 0 (0) 0 (0)
Kluyveromyces marxianus (Candida kefyr) 17 3 3 (100) 0 (0) 0 (0)
Meyerozyma caribbica (Candida fermentati) 5 1 1 (100) 0 (0) 0 (0)
Meyerozyma (Candida) guilliermondii 15 6 4 (66.7) 0 (0) 2 (33.3)
Naganishia (Cryptococcus) diffluens 2 1 1 (100) 0 (0) 0 (0)
Pichia cactophila (Candida inconspicua) 1 1 1 (100) 0 (0) 0 (0)
Pichia kudriavzevii (Candida krusei) 10 19 19 (100) 0 (0) 0 (0)
Rhodotorula mucilaginosa 3 2 2 (100) 0 (0) 0 (0)
Saccharomyces cerevisiae 13 2 2 (100) 0 (0) 0 (0)
Saprochaete clavata (Geotrichum clavatum) 1 1 0 (0) 0 (0) 1 (100)
Starmerella (Candida)magnoliae 1 1 0 (0) 0 (0) 1 (100)
Torulaspora delbrueckii (Candida colliculosa) 0 1 0 (0) 0 (0) 1 (100)
Trichosporon asahiib 4 2 2 (100) 0 (0) 0 (0)
Trichosporon (Cutaneotrichosporon) dermatisb 1 1 1 (100) 0 (0) 0 (0)
Trichosporon inkinb 1 1 1 (100) 0 (0) 0 (0)
Trichosporon (Apiotrichum)mycotoxinivoransb 1 1 1 (100) 0 (0) 0 (0)
Wickerhamiella (Candida) pararugosa 4 3 3 (100) 0 (0) 0 (0)
Wickerhamomyces anomalus (Candida pelliculosa) 2 5 5 (100) 0 (0) 0 (0)
Yarrowia (Candida) lipolytica 7 2 2 (100) 0 (0) 0 (0)

Total 205 573 564 (98.4) 0 (0) 9 (1.6)
aNo identification is assigned when the triplicate spectra of the unknown isolate produce discordant results or when no acceptable match is present in the spectral database
based on spectral similarity criteria described in the text.

bSpecies of the genus Trichosporonwere identified only to the genus level by the ATR-FTIR spectroscopy-based method.
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CDC was conducted by MALDI-TOF MS and by internal transcribed spacer (ITS) and D1/D2 rDNA gene sequenc-
ing at LSPQ.

Broth microdilution antimicrobial susceptibility testing following the Clinical and Laboratory
Standards Institute guidelines (24, 25) was performed at LSPQ on selected isolates as part of routine laboratory
procedures.

Sample preparation for ATR-FTIR spectral acquisition. Given that the FTIR spectra of microorgan-
isms are sensitive to differences in the chemical composition of the agar culture media (26), the standar-
dized sample preparation protocol employed in developing the reference spectral database (14) was
adhered to in the present study. In accordance with this protocol, all isolates were cultured and/or sub-
cultured onto Sabouraud dextrose agar (SAB: 40 g/liter dextrose, pH 5.6 6 0.2 at room temperature) (BD
Difco, Franklin Lakes, NJ) and were incubated at 30°C for 48 h prior to ATR-FTIR spectral acquisition.

ATR-FTIR spectral acquisition. Three ATR-FTIR spectrometers (Cary 630; Agilent Technologies,
Santa Clara, CA) were utilized in the present study and were furnished with the reference spectral database
previously created for identification of clinically relevant yeasts, consisting of spectra acquired on another Cary
630 ATR-FTIR spectrometer. Spectra were acquired in the range of 4,000 to 650 cm21, with a spectral resolution
of 8 cm21 and 64 co-added scans. The spectral acquisition protocol entailed collection of a new background
spectrum prior to each sample spectrum in order to compensate for fluctuations in ambient humidity. Then, 1
to 2 isolated colonies were picked from the culture plate with a disposable 1-mL loop and directly deposited
onto the clean ATR sampling surface (diamond) of the spectrometer. Following spectral acquisition, the sample
was wiped from the ATR sampling surface with a 70% ethanol-soaked tissue. Care was taken to ensure that
the surface was completely dry before a new background spectrum was collected. For each isolate, triplicate
spectra were collected from three independent colonies (from the same culture plate). Spectral acquisition
time was approximately 60 s (30 s for background scans and 30 s for sample scans) per replicate. Subsequent
automated spectral preprocessing and identification of the isolate were completed within 10 s, resulting in a
total analysis time of roughly 3 min per isolate (3 replicates).

ATR-FTIR spectroscopy-based yeast identification. Species identification by ATR-FTIR spectros-
copy was achieved by employing the ATR-FTIR spectral database previously created for identifying clinically rel-
evant yeasts (14) (referred to herein as the “reference database”). The reference database consists of the spectra
of 263 reference strains (made available by LSPQ) and encompasses 65 species belonging to 23 clinically rele-
vant genera of yeasts (see Table S1 in the supplemental material); each spectrum in this database is an average
of triplicate spectra of the reference strain. It should be noted that species of the genus Trichosporonwere iden-
tified only to the genus level by the ATR-FTIR spectroscopy-based method due to low representation of indi-
vidual species within the database but adequate representation at the genus level (n = 7).

Identification of an unknown yeast isolate was achieved by a sequential multitier pairwise search of
the reference database to find the best match to its ATR-FTIR spectrum (14). The best match is defined as the
spectrum in the database that has the highest spectral similarity to the spectrum of the unknown isolate within
the spectral range of 1,480 to 980 cm21, as measured by the cosine similarity metric in an n-dimensional spec-
tral data space, where a value of 1 represents a perfect match. The result is deemed acceptable and reported
only if the following criteria are met: (i) the cosine similarity of the spectrum of the unknown isolate to the best
match reference spectrum is .0.7, and (ii) the Euclidean distance in the n-dimensional spectral data space
between the spectrum of the unknown isolate and the best match reference spectrum, compared to the
standard deviation of the distances between the reference spectrum, which is an average of three replicate
spectra, and each of these replicate spectra, is less than 3 standard deviations. If either criterion is not met,
then the result is deemed unacceptable and reported as “inconclusive.” Results are exported as a spreadsheet
with the following information per spectrum: spectrum filename, top match, cosine similarity, and the standard
deviation of the distance between the reference spectrum and the test spectrum. No high-, medium-, or low-
confidence cutoff values were determined. Additionally, different species (or genera) identification from each
of the triplicate spectra collected from one strain (grown on one SAB plate) was also considered inconclusive
(i.e., no identification is reported) and possibly indicating the presence of a contaminating microorganism.

Inconclusive identification results were addressed by reculturing the isolate and reacquiring the
ATR-FTIR spectra along with reanalyzing the isolate by Vitek MS (bioMérieux, Marcy-l’�Etoile, France). If
results remained inconclusive, definitive identification was achieved at the LSPQ by PCR rDNA gene sequencing
of the D1/D2 (NL1 and NL4 primers [27]) and ITS regions (ITS1 and ITS4 primers [28]) from the same reculture
plates.

RESULTS

In this study, a total of 573 routine clinical yeast isolates were identified in 6 clinical
microbiology laboratories by the ATR-FTIR spectroscopy-based method developed in
previous work (14). This multicenter evaluation entailed the transfer of the ATR-FTIR
spectral database created in the latter work to 3 ATR-FTIR spectrometers that had not
been used to acquire any of the spectra in the database. The results of this study demon-
strate that matching the spectra acquired on different instruments and by different opera-
tors against the spectra in the database resulted in 100% correct identification of all iso-
lates at the genus level and a total of 564/573 isolates (98.4%) correctly identified at the
species level (Table 1). The 9 remaining isolates were not identified (i.e., no satisfactory
spectral match was found in the reference spectral database). Reculturing the isolates a
second time and their analysis by MALDI-TOF MS and ATR-FTIR spectroscopy did not alter
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the outcome. Further analysis by rDNA/gene sequencing was carried out and was in con-
cordance with the MALDI-TOF MS results. Among the 9 isolates for which species identifi-
cation based on ATR-FTIR spectroscopy was inconclusive, 4 isolates belonged to 4 different
species (Candida metapsilosis, Saprochaete clavata [Geotrichum clavatum], Starmerella
[Candida] magnoliae and Torulaspora delbrueckii [Candida colliculosa]) that were underre-
presented in the reference spectral database (i.e., represented by ,5 isolates) (Table 1).
The 5 remaining isolates belonged to 4 species (C. dubliniensis [n = 1], C. glabrata [n = 1],
C. orthopsilosis [n = 1], and Meyerozyma guilliermondii [n = 2]) that had higher spectral
representation in the reference spectral database (.9 isolates per species). It should be
noted that 13 isolates were correctly identified even though they belonged to species
that were nominally underrepresented (,5 isolates per species) in the reference spectral
database, namely, Cyberlindnera jadinii (Candida utilis), Naganishia (Cryptococcus) diffluens,
Pichia cactophila (Candida inconspicua), Rhodotorula mucilaginosa, Wickerhamiella (Candida)
pararugosa, andWickerhamomyces anomalus (Candida pelliculosa).

In addition to the 573 isolates tested in the multicenter evaluation study, a supplementary
set of 24 C. auris isolates was acquired to evaluate the performance of the ATR-FTIR-based
method for the identification of C. auris. All 24 isolates were correctly identified to the species
level by matching their ATR-FTIR spectra against the reference spectral database.

DISCUSSION

Employing the previously constructed ATR-FTIR spectral database representing 65
yeast species from 23 genera, this multicenter evaluation study resulted in 98.4% correct spe-
cies identification, with no misidentification at the genus or species level and 1.6% of isolates
reported as inconclusive at the species level. While inconclusive results were obtained for 4 iso-
lates belonging to species that are underrepresented in the reference spectral database (,5
isolates per species), 5 isolates belonging to species better represented in the reference spec-
tral database (.9 isolates/species) were also not identified rather than being misidentified.
The latter finding illustrates the need for augmentation of the spectral database with addi-
tional spectra of certain species that likely exhibit a larger spectral variability stemming from a
broader range of phenotypic/metabolomic diversity and highlights the limitation of selecting
an arbitrary minimum number of isolates that must be included in the database to adequately
represent a given species. Species that have minimal fluctuations in their biochemical compo-
sition under specified growth conditions will be well represented with fewer isolates in the ref-
erence spectral database, while those that have a larger fluctuation in their metabolome/bio-
chemical composition may require a larger number of isolates to be included in the spectral
database. For example, C. glabrata is well known for its great intraspecies diversity (29);
although C. glabrata is represented in the spectral reference database by a relatively large
number of isolates, (n = 17) and 75/76 (98.8%) C. glabrata isolates were correctly identified in
the present study, 1 isolate of C. glabratawas not identified due to insufficient spectral similar-
ity to the C. glabrata isolate that was the best match in the reference spectral database (cosine
similarity to best match = 0.304). Based on visual observations, the unidentified C. glabrata
strain, relative to those represented in the reference spectral database, exhibited slower
growth (smaller colonies after incubation for 48 h at 30°C). Furthermore, through broth micro-
dilution, the isolate in question was found to be resistant to fluconazole (MIC = 64 mg/ml),
while the C. glabrata isolates employed in the creation of the reference spectral database
were all susceptible-dose dependent to fluconazole (or nonresistant). Both of these findings
may have impacted the spectral profile of the isolate and resulted in no identification due to
this isolate being phenotypically atypical relative to the C. glabrata isolates in the reference
spectral database.

Implementation of the ATR-FTIR-based method must include a highly consistent
standard operating procedure, in particular, the use of a consistent growth medium
and incubation parameters such as time and temperature (14, 30). The use of standardized
culture media and growth conditions is therefore required to achieve the high specificity
and sensitivity reported in this study. As such, end users of the method would have to make
changes in their routine workflow to conform to the growth media and conditions utilized
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in the construction of the reference spectral database, which clearly limits the practical utility
of the method. Accordingly, future work should address expanding the reference spectral
database to include spectra of reference isolates grown on different culture media or con-
structing additional culture-medium-specific spectral databases to enhance the robustness
and flexibility of this identification method. Alternatively, laboratories may construct their
own databases with the use of commercially available software packages such as OMNIC 9
(Thermo Fisher Scientific, Inc., WI) in combination with multivariate data analysis software
such as TQ Analyst (Thermo Fisher Scientific, Inc., WI) or Unscrambler 11 (Aspen Tech, MA).

The spectral reference database employed in the present study is dynamic as additional
spectra of clinical yeasts can be added by users, which may serve to enhance representation
of species diversity by including spectra of isolates acquired from various geographical loca-
tions (31–33). Likewise, the commercially available MALDI-TOF MS reference databases are
constructed with mass spectral profiles of microorganisms representing intraspecies diversity
(i.e., typical strains, atypical strains, strains isolated from different regions, and strains isolated
from different sources), as well as microorganisms cultured on several culture media and
grown under different atmospheric conditions (34, 35).

The results of this study delineate further the performance of the first rapid ATR-FTIR-
based method for accurate identification of clinical yeasts. The use of a highly standardized
ATR-FTIR-based method has been evaluated in a multicenter study demonstrating the reli-
ability of ATR-FTIR spectroscopy for species-level identification of clinically relevant yeasts.
Importantly, this successful outcome was contingent on the transferability of the ATR-FTIR
reference spectral database from the instrument on which it was created to 3 other spec-
trometers employed in 6 locations to acquire the spectra of all the isolates tested in this
study. The spectral database proved to be directly transferable, indicating that the spectral
preprocessing routines compensated for any instrument-to-instrument variability in spectral
quality. In addition, spectral quality was independent of the ambient conditions at each loca-
tion (temperature and humidity fluctuations) as the result of collection of a new background
spectrum immediately prior to every acquisition of a spectrum of a sample. It may be noted
that 3 different technicians acquired spectra by following the sample preparation and spec-
tral acquisition protocols; spectral preprocessing and species identification were automated.

This is the first study to demonstrate the robustness of the constructed reference
database to achieve .98% correct identification using multiple ATR-FTIR spectrometers at 6
clinical microbiology laboratories and with multiple operators. Accordingly, the ATR-FTIR spec-
troscopy-based method should be considered for further validation and diagnostic method
accreditation as it offers a new reagent-free, cost-effective means of species identification
within minutes after initial culture. Additionally, it is highly affordable and may be used as an
alternative (without compromising accuracy of results) to costly molecular techniques and bio-
chemical techniques for small and midsize laboratories. The use of ATR-FTIR spectroscopy in
high-throughput laboratories may necessitate the development of a multisample ATR-FTIR
spectroscopy accessory. Recently, such an accessory has become available from PIKE
Technologies (WI) and Specac (Kent, United Kingdom) to facilitate batch testing by ATR-FTIR
spectroscopy. Automated FTIR instrumentation offering a computer-controlled X-Y stage
allowing for analysis of 96 microbial samples in transmission mode is commercially available
(IR Biotyper, Bruker GmbH, Bremen, Germany). This system has found use in microbiology
for microbial strain typing (23, 36) but is not suitable for ATR-FTIR spectral acquisition.

The next steps are to construct spectral databases for use in the identification of
clinically relevant bacteria, develop safe methodologies (i.e., working under the biosafety
cabinet or microorganism inactivation protocols) to include mycobacteria and dimorphic
fungi (or other risk group 3 microorganisms) in reference spectral databases, and pursue
accreditation of the ATR-FTIR-based method for yeast identification as an in vitro diag-
nostic device, facilitating its acceptance and implementation in a clinical setting.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.03 MB.
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