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The genus Aspergillus is a burden to public health due to its ubiquitous presence in the environment, its production of allergens,
and wide demographic susceptibility among cystic fibrosis, asthmatic, and immunosuppressed patients. Current methods of
detection of Aspergillus colonization and infection rely on lengthy morphological characterization or nonstandardized serologi-
cal assays that are restricted to identifying a fungal etiology. Collagen-like genes have been shown to exhibit species-specific con-
servation across the noncollagenous regions as well as strain-specific polymorphism in the collagen-like regions. Here we assess
the conserved region of the Aspergillus collagen-like (acl) genes and explore the application of PCR amplicon size-based discrim-
ination among the five most common etiologic species of the Aspergillus genus, including Aspergillus fumigatus, A. flavus, A.
nidulans, A. niger, and A. terreus. Genetic polymorphism and phylogenetic analysis of the aclF1 gene were additionally exam-
ined among the available strains. Furthermore, the applicability of the PCR-based assay to identification of these five species in
cultures derived from sputum and bronchoalveolar fluid from 19 clinical samples was explored. Application of capillary electro-
phoresis on nanogels was additionally demonstrated to improve the discrimination between Aspergillus species. Overall, this
study demonstrated that Aspergillus acl genes could be used as PCR targets to discriminate between clinically relevant Aspergil-
lus species. Future studies aim to utilize the detection of Aspergillus acl genes in PCR and microfluidic applications to determine
the sensitivity and specificity for the identification of Aspergillus colonization and invasive aspergillosis in immunocompro-
mised subjects.

Members of the fungal genus Aspergillus are ubiquitous sapro-
phytic environmental fungi (1) that have a variety of indus-

trial applications, including the production of citric acid and am-
ylases, fermentation of soybeans by A. oryzae, and production of
lovastatin, a cholesterol-lowering medication, by Aspergillus ter-
reus (2, 3). Other members of the genus, such as A. flavus and A.
parasiticus, are common crop contaminants and producers of af-
latoxin, a potent human carcinogen and immunosuppressant (4).
Aspergillus spp. are also important opportunistic pathogens.
Among these, A. fumigatus is the most common etiologic agent of
invasive aspergillosis (IA), a disease associated with high rates of
mortality (17% to 60%) in severely immunocompromised pa-
tients (5–8). As a noninvasive pathogen, A. fumigatus is also asso-
ciated with allergic sensitization for 6% to 24% of the general
population, with A. fumigatus-specific allergies noted in 45% of
pediatric asthmatics and 70% in adult asthmatics (9). Aspergillus
spp. are also potent inducers of complex hypersensitivities such as
allergic bronchopulmonary aspergillosis in up to 15% of cystic
fibrosis patients (10, 11), and this group has also been known to
cause life-threatening allergic episodes in 12% to 40% of asth-
matic patients (10, 12). The ubiquitous nature of Aspergillus
conidia may further exacerbate respiratory morbidity, with an av-
erage inhalation rate of A. fumigatus spores alone being as high as
104 conidia/m3/day in certain environments (1). The incidence of
any of the Aspergillus-related infections in the United States in
2003 was 36 per million, with a mean total hospital charge of
$96,731 which ranged as high as $442,233 for the HIV patient
subgroup (13). Ironically, A. fumigatus was also identified in De-
cember 2012 in a national contamination of triamcinolone, a cor-

ticosteroid that has historically been used for management of al-
lergic aspergillosis (14, 15).

A. fumigatus, A. flavus, A. nidulans, A. niger, and A. terreus are
among the most common agents of Aspergillus-opportunistic dis-
ease in humans (8). However, the identification of these organ-
isms remains challenging. Commonly, laboratories have to rely on
morphological analysis of colonies based on viable growth on se-
lective media and the morphology of reproductive structures of
the isolated organism. This remains an area of intense research
focus, as early and rapid diagnosis is crucial for improved patient
survival (16). Recently, PCR-based assays have been shown to
have promising sensitivity for Aspergillus infections relative to
other biochemical diagnostic methods such as galactomannan
(GM) and (1, 3)-�-D-glucan assays (17, 18). The lack of specificity
of serologically based assays detecting common fungal cell wall
components has additionally remained a significant limitation for
the diagnosis of opportunistic Aspergillus infections (19). To date,
PCR-based assays for diagnosis of Aspergillus infections have been
generally excluded from diagnostic protocols as widely nonstan-
dardized (20); however, PCR sensitivity has been shown to be
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dependent on the methods of DNA extraction from bronchoal-
veolar lavage (BAL) and whole-blood samples; extraction meth-
ods from specimens have been additionally demonstrated (21).

To date, there are few PCR-based assays that can exercise spec-
ificity based on amplicon size. In this study, collagen-like (CL)
genes, which commonly harbor conserved, species-specific non-
collagenous domains and variable CL regions, have been demon-
strated to be practical biomarkers for detection and fingerprint-
ing, respectively, of prokaryotic organisms such as Bacillus spp.
through band size discrimination by slab gel and capillary electro-
phoresis, mass spectrometry, or microchannel fluidics (22–24).
The purpose of this study was to evaluate the utility of size-based
amplicon discrimination for the species-specific detection of the
most common etiologic Aspergillus species, A. fumigatus, A. flavus,
A. nidulans, A. niger, and A. terreus, through targeting the Asper-
gillus collagen-like (acl) genes. Further, an examination of the po-
tential use of the CL region of the aclF1 gene for the purpose of
strain fingerprinting was undertaken in addition to explore the
utility of nanogel-based capillary electrophoresis for increased

sensitivity to amplicon size compared to conventional slab-gel
electrophoresis.

MATERIALS AND METHODS
Fungal collections. Two fungal collections were used in this study. The
first collection was obtained from the National Institute of Occupational
Safety and Health (NIOSH), Centers for Disease Control and Prevention,
Morgantown, WV, and was used to extract genomic DNA representing a
broad spectrum of Aspergillus species. This collection included the follow-
ing strains of species harboring known acl genes: 12 A. fumigatus strains, 4
A. terreus strains, 2 A. flavus strains, 1 A. nidulans strain, and 1 A. niger
strain, as well as species lacking evidence of known acl genes, such as A.
candidus, A. chevalieri, A. clavatus, A. parasiticus, A. penicillioides, A. sy-
dowii, A. ustus, and two A. versicolor strains (Table 1).

Aspergillus strains isolated from clinical specimens and banked by the
clinical laboratory at West Virginia University Healthcare (WVUH) be-
tween October 2011 and November 2012 were also utilized (and are re-
ferred to here as “clinical isolates”). These isolates were deidentified of all
patient information by the clinical laboratory prior to analysis, rendering
the study “Not Human Subjects Research” as determined by the Institu-

TABLE 1 Aspergillus species strain collection

Fungal species Abbreviation Accession no. in other collections Origina

A. fumigatus Af293 AF293, FGSC A1100 IPA patient
Af163b ATCC 1022, ATCC 4813, BCRC 30502, CBS 133.61, IMI 16152,

NCTC 982, NRRL 163, WB 163
Chicken lung, CT, United States

Af164b CBS 113.26, IMI 360453, NRRL 164, WB 164 Soil, Germany
Af165b NRRL 165 Pharmaceutical contaminant, France
Af166b NRRL 166 Soil, Adirondack Mountains, NY
Af174b CBS 110.46, IMI 16153, NCTC 5911, NRRL 174/1940, WB 174 Melanin-deficient mutant from dust,

Birmingham, United Kingdom
Af5109b ATCC 16903, CBS 487.65, IMI 172286, NRRL 5109/A-12321,

WB 5109
Emphysema patient, Chicago, IL

Af5517b ATCC 22268, NRRL 5517, CBS 158.71 Soil, USSR
Af5587b ATCC 36962, CBS 457.75, NRRL 5587, WB 5452 Soil, Mohanlalganj, India
Af6113b ATCC 26606, CBS 542.75, NRRL/A-20355 Sinusitis patient, UCSF Hospital, CA
Af37 NIOSH 17-30-37 Dust, Shanghai, China
Af01 ATCC 13073, NIOSH 35-11-01 Human pulmonary lesion, MA, United States

A. candidus CAN NIOSH 17-28-24 Dust, Shanghai, China
A. chevalieri CHV ATCC 16443, CBS 522.65, IMI 211382, NRRL 78 Beans
A. clavatus CLAVA NIOSH 06-22-78
A. flavus FL07 NIOSH 15-41-07

FL86 PRC-86a Oats, Courtland, AL, United States
A. nidulans NID NIOSH 15-22-08 Cooperstown, NY, United States
A. niger NIG ATCC 9029, BCRC 32720, CBS 120-49, FGSC A1143, IMI

041876, NRRL 3/566, WB 3/566
United States

A. parasiticus PAR ATCC 26691, BCRC 30164/31490, CBS 100309/921.70, IMI
091019/283883, NRRL 2999

A. penicilloides PEN ATCC 16910, BCRC 33421CBS 540.65, IMI 211342211392,
NRRL 4548, WB 4548

Skin of patient with lobomycosis, Brazil

A. sydowii SYD ATCC 9507
A. terreus T04 ATCC 1012/10071, BCRC 32068, CBS 601.65/601.956011.65,

IMI 017294017294iiNBRC 33026, NCTC 981, NRRL 225/
255/543, WB 255

Soil, CT, United States

T05 ATCC 16794, CBS 594.65, IMI 135817, NRRL 680, WB 680 Soil
T06 SRC 2174
T31 NIOSH 17-30-31 Dust, Shanghai, China

A. ustus UST ATCC 104116818, BCRC 30198, CBS 261.67, IMI 211805,
NRRL 275/1734/A-969, QM 7477, WB 275

Contaminant from A. Sydowii culture,
United States

A. versicolor VSC3 ATCC 44408 Cheese
A. versicolor VSC6 NIOSH 32-46-03 New Orleans, LA, United States
a IPA, invasive pulmonary aspergillosis, UCSF, University of California, San Francisco; USSR, Union of Soviet Socialist Republics.
b Reference isolates were obtained from the USDA ARS Culture Collection (NRRL).
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tional Review Board. The 19 isolates were obtained predominately from
respiratory sources (cystic fibrosis sputa, 11; other sputa, 3; bronchoal-
veolar lavage, 4), and one was obtained from a skin biopsy specimen. Four
isolates were referred to the clinical laboratory by outside facilities for
purpose of identification, while the remaining 15 were obtained from
local patients. Each isolate was recovered on Sabouraud dextrose agar
incubated at 26°C to 30°C. Routine identification to the species level was
achieved using standard phenotypic characteristics, including (i) colony
morphology, (ii) absence of growth on media containing cycloheximide,
(iii) phialide configuration and distribution along the vesicle, conidium
size and morphology, and presence of cleistothecia or Hülle cells dis-
cerned by the use of cellophane tape mounts, and (iv) growth at 45°C. All
isolates were prospectively stocked at �80°C per laboratory protocol us-
ing M17 broth (Oxoid, Basingstoke, England) supplemented with 20%
glycerol. For isolates with discordant phenotypic identification and acl
PCR assay results, organisms were propagated from stocks, subcultured to
M17 broth (Oxoid, Basingstoke, England), and incubated in ambient air
at 37°C for 14 to 21 days with daily shaking to disrupt aerial mycelia along
the liquid-air interface. DNA was extracted by the phenol-chloroform
method for downstream analyses.

Bioinformatic analyses. Searches for Aspergillus collagen-like pro-
teins (CLPs) (Acl) were performed among the sequences of the collagen
family (PF013910) of the Sanger Institute’s Pfam Protein Families Data-
base (Table 2) (25). Subsequent sequence searches were carried out using
PSI-BLAST (26) and the NCBI nonredundant database. The presence of a
signal peptide for Acl proteins was predicted with the SignalP 4.1 web-
server provided by the Center for Biological Sequence Analysis at the
Technical University of Denmark (27), and glycosylphosphatidylinositol
(GPI)-anchor prediction was performed using the Institute of Molecular
Pathology’s GPI Prediction Server (version 3.0) (28). The DNA and pro-
tein sequence data were analyzed with the Lasergene v.10 software suite
(DNASTAR, Inc., Madison, WI).

Molecular phylogenetic analyses. Maximum-parsimony (MP) and
Bayesian analyses were performed with A. fumigatus aclF1 sequences de-
rived from clinical and environmental samples. The aclF1 nucleotide se-
quences were aligned using MUSCLE (29) and visually verified. The MP
analysis was performed in PAUP 4.0 (30) with 1,000 nonparametric boot-
strap replicates to measure lineage support. MP heuristic search settings
included creating starting trees by stepwise additions, subsequent branch
swapping with the tree-bisection-reconnection (TBR) algorithm, and 200
Max trees. The MP analysis was performed twice, with gaps treated both as
“missing data” and as a “fifth character state,” and no differences were
observed in the resulting phylogenies.

Bayesian analysis was performed using MrBayes 3.2 (31), and poste-
rior probabilities (PP) were calculated as a measure of lineage support.
The evolutionary model implemented was the F81 model (32) and
allowed for a proportion of invariable sites (F81�I), which was deter-
mined to be the best fit model by the Akaike Information Criterion in
MrModelTest version 2.3 (33). The Markov chain Monte Carlo parame-
ters were set to 1,000,000 generations and 6 simultaneous chains. Burn-in
and stabilization of model parameters occurred at 800,000 generations,
and every 100th tree after burn-in was used to generate a 50% majority
rule consensus phylogeny. All trees were constructed in FigTree v 1.3.1
(http://tree.bio.ed.ac.uk/software/figtree/).

DNA methods. (i) Extraction of genomic DNA. DNA was isolated
using phenol-chloroform extraction and an ethanol precipitation
method, as previously described (34). To extract DNA, 0.1 g of mycelium
was harvested with a 70-�m-pore-size nylon mesh filter (BD Biosciences,
Bedford, MA) and placed into a 2-ml BioSpec bead-beater tube contain-
ing 0.5-mm-diameter soda lime glass beads (BioSpec Products Inc.,
Bartlesville, OK). Next, 0.2 ml DNA extraction buffer (0.2 M Tris-HCl
[pH 7.5], 0.5 M NaCl, 0.01 M EDTA, 1% sodium dodecyl sulfate solution)
and 0.2 ml phenol-chloroform-isoamyl alcohol (25:24:1) solution were
added to the tube and the mix was bead-beaten for 1 min. An additional

TABLE 2 Basic characteristics of the putative Acl proteins

Species Pfam designation

Acl proteinb

Name Length (aa) SSa GPI

CL region

GXY type Location (aa)

A. fumigatus
293 Q4WBU6_ASPFU AclF1 359 1–15 GPy 168–244

Q4WW98_ASPFU AclF2 143 GQy 11–106
CBS 144.89 B0Y9H1_ASPFC AclF1 343 1–15 GPy 167–257

B0Y8Y8_ASPFC AclF2 125 GQy 11–88

A. terreus
NIH 2624 Q0CXL1_ASPTN AclT1 358 336 GAP 179–262
NIH 2624 Q0CUF0_ASPTN AclT2 265 1–17 GHy 68–196

A. flavus
ATCC 200026 B8NLK1_ASPFN AclFL1 554 1–23 GTP 277–366

A. nidulans
NCBI 162425 Q5B8U8_EMENI AclN1 432 1–17 411 GQP.GQS 258–315

A. oryzae
NCBI 5062 Q2TZV0_ASPOR AclO1 114 GLy 25–110

A. kawachii
NBRC 4308 G7XZR3_ASPKW AclK1 239 1–19 GNS.GNR 179–220

A. niger
ATCC 1015 G3YG25_ASPNA AclNi1 556 GAT.GKK 484–528

a SS, signal sequence.
b aa, amino acids. GPI, residue number of predicted cleavage site.
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0.3 ml of DNA extraction buffer and 0.3 ml of phenol-chloroform-iso-
amyl alcohol were added to the tube and vortexed. The phases were sep-
arated by centrifugation at 17,000 � g for 1 min. The aqueous phase was
transferred to a new 1.5-ml microcentrifuge tube and extracted again with
an equal volume of the phenol-chloroform-isoamyl alcohol. The entire
sample was transferred to a 2.0-ml Phase Lock Gel tube (5PRIME, Gaith-
ersburg, MD), mixed, and centrifuged at 15,000 � g for 5 min. After
centrifugation, the gel-separated aqueous phase was transferred to a new
microcentrifuge tube and DNA was precipitated with ethanol overnight at
�20°C. Following centrifugation at 17,000 � g for 5 min, the ethanol was
discarded, and the DNA pellet was washed with 70% ethanol followed by
centrifugation as described above. The DNA pellet was air-dried and dis-
solved in 200 �l of double-distilled water (ddH2O); DNA concentrations
were measured spectrophotometrically using a Spectramax 190 (Molecu-
lar Devices, Sunnyvale, CA), and DNA concentrations were diluted to
�30 ng/�l.

Crude DNA extraction was performed by boiling mycelia harvested
from Sabouraud dextrose agar cultures of 19 clinical specimens (with
identification numbers assigned in a blind manner) in 200 �l of PrepMan
Ultra sample preparation reagent (Applied Biosystems, Foster City, CA)
for 10 min. The samples were pelleted at 20,000 � g for 5 min, and the
supernatant was transferred to a fresh microcentrifuge tube and stored at
4°C until further analysis. Similarly, the DNA concentration was mea-
sured spectrophotometrically as described above and standardized to a
concentration of �30 ng/�l.

(ii) Primer design for acl gene detection of Aspergillus spp. Primers
were designed based on the genomic acl gene sequences from the strains of
sequenced Aspergillus species deposited in the NCBI GenBank database
(Table 3). A. fumigatus-specific detection primers targeted both the 5= and
3= hypothetically conserved regions of the aclF1 allele present in the com-
plete genomic sequence of A. fumigatus clinical isolate Af293 (culture
identification no. [ID] ATC MYA-4609). Similarly, primer pairs were
designed targeting the aclT2-5= region of A. terreus NIH 2624, the aclFL-3=
region of A. flavus ATCC 200026, the aclN1-3= region of A. nidulans NCBI
162425, and the aclNi1-5= region of A. niger ATCC 1015. The predicted
sizes of the amplicons ranged between 227 and 489 bp. Additional primers
flanking the collagen-like region of aclF1 (aclF1-CL) were designed to
assess the CL-region length polymorphism, and the aclF1 gene primers
amplified the entire gene for sequencing purposes.

(iii) PCR amplification. The amplification conditions for all detection
primer pairs were tested by the use of a temperature gradient of 55°C to
65°C; a uniform annealing temperature was established at 61°C. The PCR

mix contained a 0.2 mM concentration of each primer, 0.2 mM deoxy-
nucleoside triphosphate (dNTPs) in a 1� PCR buffer (10 mM Tris-HCl,
1.5 mM MgCl2, 50 mM KCl; pH 8.3). For the two-amplicon detection of
A. fumigatus involving two-plex PCR of the aclF1-5= and aclF1-3= regions,
the primer pairs were used at 0.23 mM and 0.20 mM concentrations,
respectively, using Q5 High-Fidelity DNA polymerase (New England Bio-
Labs Inc., Boston, MA). PCR protocols for amplification of the whole
aclF1 gene, as well as the collagen-like region, required optimization by
temperature gradient and the addition of 1.0 M betaine (Sigma-Aldrich,
St. Louis, MO).

The amplification was performed in a Bio-Rad S1000 Thermal Cycler
as follows: initial denaturation at 94°C for 3 min, followed by 32 cycles of
denaturation at 94°C for 30 s, annealing at 61°C for 30 s, and elongation at
72°C for 30 s, with a final elongation step at 72°C for 3 min. For two-plex
PCR amplification, the initial denaturation step was at 98°C for 30 s,
followed by 32 cycles of 10 s of denaturation at 98°C, 20 s of annealing at
61°C, and 10 s of elongation at 72°C, ending with a final 2-min elongation
step. The PCR products were analyzed on a 2% agarose gel. Electropho-
resis was performed in 1� Tris-acetate-EDTA buffer at 120 mV. The DNA
standard used was a TrackIt 1-kb Plus DNA ladder (Invitrogen, Carlsbad,
CA). Images were captured using Eagle Eye II (Stratagene, La Jolla, CA)
and the FOTO/Analyst Investigator/Eclipse gel documentation worksta-
tion (Fotodyne, Hartland, WI) and processed with Adobe Design Stan-
dard Creative Suite 6 (Adobe Systems Inc. San Jose, CA).

(iv) Capillary electrophoresis. The following reagents were used for
capillary electrophoresis: phospholipids dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC) (Avanti Polar Lipids, Alabaster, AL), 3-(N-morpholino)-pro-
panesulfonic acid (MOPS) (Alfa Aesar, Ward Hill, MA), and SYBR green
1 (Life Technologies, Grand Island, NY). Deionized water was obtained
using an Elga PureLab Ultra water filtration system (Lowell, MA). An
aqueous solution of 100 mM MOPS buffered to pH 7 was used for the
phospholipid preparation and was the solution used in the anodic and
cathodic reservoirs. The phospholipid additive was prepared as described
previously (35) to obtain molar ratios of [DMPC]/[DHPC] � 0.5 at 5%
(wt/vol) phospholipid (95% weight phospholipid/volume of aqueous
MOPS buffer) as well as [DMPC]/[DHPC] � 2.5 at 10%. A preparation of
intercalating dye was made from a 50-�l volume of 1� SYBR green 1
diluted in nanogel. The 50-bp DNA ladder (New England BioLabs, Ips-
wich, MA) was used as a size marker.

Separations were performed on a Beckman Coulter P/ACE MDQ sys-
tem with a laser induced-fluorescence detection module equipped with a

TABLE 3 Primers used for amplification of the acl genes

Species Amplicon Length (bp) Primer name Sequence (5=–3=)
A. fumigatus aclF1-5= 489 AclF1_ATGF2a,b ATGCTCCTCCTACCACTCCTTGCC

AclF1_NtermR2 GTTTACACATCCTTGGTAGTGC
aclF1-3= 338 AclF1_CtermF2b GCAATCATGGGTGCAATAAACC

AclF1_CtermR1 CTGCCCCGAGGGATTCTT
aclF1-CL 327 AclF1_VarF3 AGTGGCTACCCGGTCCACG

AclF1_VarR5b TTCGTCGGTGTACTTCGGACCAT
aclF1a 1,080 AclF1_ATGF2a ATGCTCCTCCTACCACTCCTTGCC

AclF1_TGAR2a TCAAGCAACCCCAATCCCCTGCC
AclF1_Nterm_R1b GGATCGTGTTATGCGGGTAG

A. flavus aclFL-3= 403 AclFL1_CF2 CCCTCCGATTGGTATTACCACC
AclFL1_CR1 CATTCCTCATCTTCGTCCTGATC

A. terreus aclT2-5= 262 AclT2_NtermF1 ATGAAGATCCCCGTCGTCGTTG
AclT2_NtermR1 CCTTCATGCTCTTTACCGGGG

A. nidulans aclN1-3= 227 AclN1_CtermF1 CTCCTAGCGTTCCTACTGCTCCT
AclN1_CtermR1 CTAGAGGAGAGCCATGATTGTC

A. niger aclNi-5= 297 AclNi1_IntrINTF1 ACCATCCTCCAAAGCACCC
AclNi1_IntrINTR1 GCCAGCGCAGCCGTATCC

a Primer used for amplification of the whole aclF1 gene.
b Primer used for sequencing.
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3 mW air-cooled argon ion laser (	ex � 488 nm and 	em � 520 nm). The
fused silica capillary (Polymicro Technologies, Phoenix, AZ) had an outer
diameter of 360 �m and an inner diameter of 25 �m. Prior to separation,
the capillary was prepared as previously reported (36). Briefly, the capil-
lary was rinsed with 1 N NaOH (140 kPa for 30 min), deionized water (140
kPa for 15 min), methanol (140 kPa for 15 min), and deionized water (140
kPa for 15 min). Following this rinse protocol, the inner surface of the
capillary was passivated in order to suppress electro-osmotic flow, using a
previously characterized method based on phospholipids (37). This was
accomplished by a coating procedure performed twice at 140 kPa with a
semipermanent coating consisting of 5% phospholipid of [DMPC]/
[DHPC] � 0.5 containing 1.25 mM CaCl2 for 20 min followed by a 2-min
flush with 100 mM MOPS buffered to pH 7. The capillary was then filled
at an ambient temperature of 19°C with a 10% solution of [DMPC]/
[DHPC] � 2.5. Once the capillary was filled with the phospholipid nano-
gel, the capillary temperature was increased to 30°C. After each separation
procedure, the capillary was flushed at 140 kPa for 3 min with 5%
[DMPC]/[DHPC] � 0.5, for 2 min with MOPS (pH 7), and for 3 min with
[DMPC]/[DHPC] � 2.5. The sample was injected as described previously
(38) by first introducing a preplug of run buffer (6.9 kPa for 7 s), perform-
ing a reverse-polarity electrokinetic injection of the DNA, and finally pro-
viding a postplug of run buffer (3.4 kPa for 5 s). Separations were achieved
with reverse polarity. Data collection and analysis were performed using
32 Karat Software version 5.0 (Beckman Coulter).

(v) DNA sequencing. For aclF1 gene sequencing, a primer pair was
designed that encompassed the entire gene (Table 3). Hypothetically, the
primer pair should produce an amplicon of 1,080 bp in A. fumigatus strain
Af293. Amplification conditions were set at an initial denaturation step at
94°C for 3 min, followed by 35 cycles of denaturation at 94°C, annealing at
61°C for 1 min, and extension at 72°C for 1 min 30 s, followed by a final
extension step at 72°C for 10 min. In addition, the PCR cocktail contained
a 0.20 mM concentration solution for each primer, a 0.20 mM dNTP
solution, and a 0.83 M betaine solution in a 1� PCR buffer. DNA tem-
plates were used from all 12 available A. fumigatus strains, and amplifica-
tion products were purified using a Millipore Amicon Ultra 50K cartridge
before sequencing; sequences were assembled using the Lasergene
Genomics Suite (DNA Star, Madison, WI) and analyzed to assess the
natural aclF1 gene polymorphism among A. fumigatus strains.

Sequencing with universal primers of an internal transcribed spacer
region with ITS-1 (5=-TCCGTAGGTGAACCTGCGG-3=) and ITS-2 (5=-
GCTGCGTTCTTCATCGATGC-3=) and/or of a partial 28S rRNA gene
with NL-1 (5=-GCATATCAATAAGCGGAGGAAAAG-3=) and NL-4 (5=-
GGTCCGTGTTTCAAGACGG-3=) was performed using standard proto-
cols (39–41). Sequencing results were queried through the NCBI BLAST
to establish best-fit identities.

Nucleotide sequence accession numbers. The aclF1 sequences of A.
fumigatus (Af) reported here have been deposited in GenBank under the
following accession numbers: Af6113, KF704160; Af5587, KF704161;
Af5517, KF704162; Af5109, KF704163; Af174, KF704164; Af166,
KF704165; Af165, KF704166; Af01, KF704167; Af164, KF704168; Af163,
KF704169; Af37, KF704170; Af (clinical) sample no. 3, KF704171; Af sam-
ple no. 5, KF704172; Af sample no. 8, KF704173; Af sample no. 9,
KF704174; Af sample no. 10, KF704175; Af sample no. 11, KF704176; Af
sample no. 12, KF704177; Af sample no. 13, KF704178; Af sample no. 15,
KF704179; Af sample no. 17, KF704180; Af sample no. 18, KF704181; Af
sample no. 19, KF704182. The acl/Acl gene/protein sequences previously
deposited by third parties that were used here can be retrieved using the
information reported in Table 2 or directly via hyperlinks included in Fig.
S1 in the supplemental material.

RESULTS
Identification and characterization of Aspergillus collagen-like
proteins. Recent studies demonstrated that collagen-like genes
can be effectively used for the detection and fingerprinting of Ba-
cillus cereus group organisms (22–24). Therefore, the Pfam colla-

gen database (http://pfam.sanger.ac.uk/family?PF01391) was
queried in order to assess the distribution of the collagen-like pro-
teins (CLPs) among Aspergillus species. A total of 62 sequences
were annotated among 44 fungi (see Fig. S1 in the supplemental
material). Nine Aspergillus collagen-like proteins, designated Acl,
were identified that were harbored by 7 species within the mito-
sporic Trichocomaceae subfamily (Fig. 1); only one additional CLP
was annotated within the order Eurotiales, outside Trichoco-
maceae, found in Talaromyces stipitatus. Phylogenetic analyses of
all 62 fungal collagen-like proteins were performed (data not
shown). However, the amino acid sequences were too divergent
for MP analysis to determine relatedness within these samples.
Additionally, Bayesian analysis, performed using 3,000,000 gener-
ations, did not reach a stationary posterior probability distribu-
tion (split frequencies P � 0.2), indicating that a model-based
phylogeny could not be resolved. The large variation among col-
lagen-like proteins provides evidence that sequences of the Asper-
gillus Acl proteins are unique to this subfamily. These included
two proteins (AclF1 and AclF2) of A. fumigatus, two proteins
(AclT1 and AclT2) of A. terreus, and one protein each in species of
A. flavus (AclFL1), A. nidulans (AclN1), A. niger (AclNi1), A.
oryzae (AclO1), and A. kawachii (AclK1). Although the number of
deposited sequences of each Acl protein was limited to one or two
strains, these results positively identified the presence of the po-
tential acl gene targets in all major Aspergillus species that are
responsible for human infections, especially A. fumigatus.

The basic features of the Acl proteins were rendered from de-
posited sequences and indicated their variable characteristics (Fig.
1 and Table 2). Thus, in addition to the presence of a common
collagen-like region in all nine Acls, candidates from six species
had predicted signal peptides (AclF1, AclT2, AclFL1, AclN1, and
AclK1), suggesting possible extracellular localization. Preliminary
Western blot experiments using rabbit polyclonal antibodies
raised against a synthetic peptide located within a C-terminal re-
gion of the AclF1 protein of A. fumigatus identified an immuno-
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FIG 1 Identification and characterization of the Acl proteins among members
of the Trichocomaceae family. The general architecture of nine Acl proteins
(not to scale) found in seven different Aspergillus species is shown. Main Acl-
protein regions are designated as follows: SS, signal sequence; CL, collagen-
like; GPI, cell wall anchor motif; RNase, RNase domain.
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reactive band of the predicted size in the hyphal protein fraction
but not in conidial extracts or the culture supernatant fraction
(data not shown). Two proteins (AclT1 and AclN1) also contained
the GPI anchor, which suggested that they were surface attached.
As expected, the CL regions of the Acl proteins differed in length,
depending on the number of GXY-triplet repeats containing be-
tween 13� GXY in AclFL1 and 42� GXY in AclT2 protein. The
type of triplet repeats used also differed between different Acl-CL
regions, although they consisted of relatively few distinct triplets.
For example, AclT1-CL consisted solely of GAP triplets and
AclFL1-CL of GTP repeats. In two proteins, AclF1 and AclT2,
two-residue interruptions, GV and GH, respectively, were embed-
ded within their CL sequences. Only one protein, AclK1, was pre-
dicted to harbor a known RNase noncollagenous domain. Alto-
gether, the presumed Acl proteins share common general
architecture but their acl-encoding sequences differ significantly,
thus allowing for specific targeting by PCR.

acl-based detection of A. fumigatus. Since A. fumigatus spe-
cies are by far the most frequent causes of opportunistic Aspergil-
lus infections, the initial focus was on designing PCR primers that
would specifically target and amplify DNA fragments of the aclF1
and aclF2 genes. Several primer pairs were designed based on gene
sequences found in the sequenced strain Af293 (FGSC A1100) and
were subsequently tested using the collection of 11 more A. fu-
migatus strains, as well as 17 non-A. fumigatus controls (Fig. 2A).
The aclF2 gene target failed to produce consistent and reliable

results and was not considered for further analysis (data not
shown). In contrast, two aclF1-based primer pairs demonstrated
consistent amplicons from all 12 A. fumigatus templates but not
from non-A. fumigatus controls (Fig. 2A). The observed sizes of
the amplicons were the same in all strains based upon separation
in a 2% agarose gel. Amplicon sizes of 489 bp (aclF1-5=) and 338
bp (aclF1-3=) were observed for all Af strains (Fig. 2A), which was
in agreement with the expected sequence lengths based on the
Af293 strain. These amplicons were also produced in a single two-
plex reaction (Fig. 2B; see also Fig. S2 in the supplemental mate-
rial) and separated by standard gel electrophoresis and by capillary
electrophoresis (Fig. 2B and C). These results suggested that con-
served regions of the aclF1 gene had been targeted, allowing for
specific and rapid detection of the A. fumigatus DNA.

aclF1 sequence polymorphism. Since initial sequence data
were limited to two strains of A. fumigatus, Af293 and Af1163
(Table 2), the aclF1 gene was sequenced in the remaining addi-
tional 11 strains available in our collection that represented both
clinical and environmental samples collected within and outside
the United States (Table 1). First, length polymorphism of the
aclF1-CL region among 12 A. fumigatus strains was assessed by
PCR using AclF1_VarF3 and VarR5 primers (Fig. 3A). Only strain
Af6113 yielded an obviously smaller DNA fragment, while the
remaining 11 products, including Af293, seemed to produce the
same size amplicons. Subsequently, the entire aclF1 gene was se-
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quenced for those strains to deduce the natural DNA and protein
sequence polymorphisms.

The sequencing data revealed 11 polymorphic sites resulting in
9 different aclF1 alleles, including the allele represented by strain
Af293 (Fig. 3B). In addition to 9 single nucleotide polymorphism
(SNP) changes, polymorphisms included two deletions: three
GXY repeats in the CL region and four amino acid residues
(GDKP) in a downstream region. Both deletions were present in
one strain, Af6113, thereby verifying the basis for the smaller am-
plicon previously detected by PCR. Strain Af6113 exhibited the
greatest sequence polymorphism among the tested strains, with
three SNPs and two deletions. Of the 11 polymorphisms found, 6
were nonsynonymous, resulting in 5 protein variants: the AclF1
variant in strains Af293, Af6113 (
183–194, 
250 –253), Af5587
(P118T, I356M), and Af37 (G341R) and one null mutation in

strain Af5517 (W100*). These sequence data identified the con-
served regions of aclF1 gene and validated the location of our
detection primers.

Detection of acl genes in other Aspergillus species. Inasmuch
as A. fumigatus is the predominant cause of IA among immuno-
compromised patients, other Aspergillus species are also etiologi-
cal agents of IA and may additionally elicit allergic sensitization
(16, 42). Therefore, acl-based primers were designed to specifi-
cally target the aclFL1 gene of A. flavus, aclN1 of A. nidulans,
aclNi1 of A. niger, and aclT2 of A. terreus (Fig. 4A, top to bottom).
The selected primer pairs all produced amplicons of the predicted
sizes for their corresponding species, suggesting that conserved
sequences or at least regions without clear length polymorphism
were targeted. The observed sizes of the amplicons were approxi-
mately 403 bp for the aclFL1-3=, 227 bp for the aclN1-3=, 297 bp for
the aclNi1-5=, and 262 bp for the aclT2-5= amplicons. All PCRs
were performed under the same amplification conditions as those
described above for A. fumigatus (Fig. 2). None of the primer pairs
produced detectable amplicons with any A. fumigatus template,
and they detected the acl genes only in targeted species, with the
sole exception of A. parasiticus, which consistently yielded a pos-
itive PCR band with aclFL1-3= primers designed for A. flavus. Par-
tial sequencing of PCR products confirmed the presence of an acl
allele encoding an Acl variant in A. parasiticus, which was similar
to AclFL1 of A. flavus. In aggregate, four additional acl targets for
the specific detection of four additional species of clinical impor-
tance were successfully developed.

Analysis by capillary electrophoresis using phospholipid
nanogels. Capillary nanogel electrophoresis was used to estimate
the size of acl-based PCR products. Figure 2C demonstrates the
separation of the acF1-5= and aclF1-3= two-plex amplicons from
A. fumigatus, whereas the electropherogram shown in Fig. 4B
demonstrates a separation of multiple amplicons, including the
aclFL1-3= amplicon from A. flavus, the aclN1-3= amplicon from A.
nidulans, the aclNi1-5= amplicon from A. niger, and the aclT2-5=
amplicon from A. terreus in addition to the two-plex aclF1-5= and
-3= amplicons of A. fumigatus. Using internal size standards of
150, 250, and 350 bp, the sizes of the amplicons were estimated to
be 226 � 1 bp (aclN1-3=), 259 � 2 bp (aclT2-5=), 296 � 1 bp
(aclNi1-5=), 336 � 2 bp (aclF1-3=), 396 � 3 bp (aclFL1-3=), and
482 � 6 bp (acF1-5=) for n � 5. Hence, nanogel separation can
provide an accurate size evaluation of all acl targets with great
certainty.

Detection of clinical isolates: proof of principle. The acl-
based PCR assays were tested by screening 19 clinical isolates with
confirmed Aspergillus morphology. Crude DNA preparations ob-
tained in the clinical microbiology laboratory directly from myce-
lia on Sabouraud dextrose agar were arbitrarily numbered 1 to 19
and assayed in separate PCRs for each acl target, including the
two-plex PCR for A. fumigatus, along with corresponding positive
controls. PCRs were performed under single amplification condi-
tions and analyzed in 2% agarose gel (Fig. 5).

Samples 3, 5, 8, 9, 10, 11, 12, 13, 15, 17, 18, and 19 yielded dual
amplicons (aclF1-5= and aclF1-3=), signifying identification of A.
fumigatus. Sample 6 was positive for aclN1-3= of A. nidulans. Sam-
ples 4 and 14 yielded strong amplification bands of equal sizes with
primers targeting the aclNi1-5= region of A. niger; interestingly,
sample 3 also yielded weak amplification with the A. niger-specific
primers, suggesting a mixed culture with A. fumigatus. Samples 1,
2, and 7 yielded the same amplicons with A. terreus-specific prim-
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ers targeting the aclT2-5= region, though samples 1 and 2 were
weaker. Surprisingly, none of the samples were amplified for the
aclFL1-5= target of A. flavus, which is known to be responsible for
a significant number of infections (43). Finally, sample 16 was
PCR negative with all primer pairs.

To confirm the identity of amplicons of all non-A. fumigatus

samples, organisms were cultured from stocks for DNA isolation.
Samples were then amplified using the 18S-internal transcribed
spacer (ITS) region and the partial nuclear large (NL) subunit 28S
rRNA gene primers, as described elsewhere (39, 41). Sequencing
of all acl-positive amplicons from these samples was also per-
formed. All sequence data were analyzed using NCBI BLAST. In
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general, results agreed well with clinical identifications of the speci-
mens. Sample 3 was originally identified as A. fumigatus, and yet
growth on subculture was contaminated with A. niger. Both organ-
isms were accurately detected by acl PCR, and each was subsequently
reisolated in pure culture and confirmed by the corresponding acl-
based PCR. Interestingly, sample 16 was negative for all acl targets and
was identified in the clinical laboratory as A. fumigatus. Repeat cul-
ture from stock, with DNA purification by the phenol-chloroform
extraction method and subsequent retesting with all acl primer pairs,
again failed to yield any acl target. Ultimately, sample 16 was identi-
fied based on ITS and NL data as Neosartorya pseudofischeri (the te-
lomorph of Aspergillus thermomutatus).

aclF1 sequence polymorphism in clinical isolates of A. fu-
migatus. First, we performed the PCR using AclF1_VarF3 and
VarR5 primers in order to assess aclF1-CL length polymorphism
among A. fumigatus clinical strains (Fig. 6A) and to compare it
with the polymorphism previously found in laboratory strains

(Fig. 3A). Compared with Af293 aclF1-CL, samples 3, 5, 8, 9, 10,
11, 17, and 18 produced shorter amplicons, potentially similar to
the amplicon found in Af6113. Subsequently, the entire aclF1 gene
was sequenced in all clinical strains to deduce the natural DNA
and protein sequence polymorphisms.

DNA sequencing revealed eight polymorphic sites that identi-
fied four aclF1 alleles, resulting in three protein variants (Fig. 6B).
The most common aclF1 allele was found in samples 3, 5, 8, 9, 11,
17, and 18 and was identical to that previously identified in strain
Af6113 (Fig. 3B); in addition, sample 10 harbored one extra SNP
(C223A). These sequencing results verified smaller aclF1-CL am-
plicons yielded by these samples (Fig. 6A). The second-most-
common SNP (G1006A) was present in samples 12, 13, and 19.
Finally, a single SNP (A798C) was found in sample 15, resulting in
an allele previously identified in Af164 and Af01. At the protein
level, only two SNPs resulted in new AclF1 variants: sample 10
(L75I) and samples 12, 13, and 19 (G336R).
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Molecular phylogeny of A. fumigatus aclF1. The diversity
among A. fumigatus strains was assessed using molecular phylo-
genetic analyses of the sequenced aclF1 gene (Fig. 7). MP and
Bayesian methods produced identical topologies. While there was
high sequence conservation, the SNPs and deletions within the
aclF1 alleles provided enough information to separate the isolates
into three clades, although the results were not statistically sup-
ported. A combination of 4 SNPs and two deletions (36 and 12 bp)
distinguished the two major branches. The majority of isolates
grouped with the annotated A. fumigatus 293 reference strain and

included both clinical and environmental samples from a broad
range of geographical locations (Table 1). The clade harboring A.
fumigatus strain 6113 did not contain any environmental isolates,
suggesting either that the two deletions within the aclF1 allele,
characteristic of this clade, may provide an advantage during in-
fection or that environmental members have not yet been identi-
fied. Additionally, A. fumigatus strains 174 and 5109 formed their
own sister clade, as they share SNPs with the two other clades and
also encode a unique SNP (A357C). The aclF1 gene can therefore
be utilized for A. fumigatus species identification as well as to
further understand strain diversification.

DISCUSSION

Collagens comprise a large family of proteins that are found in
many diverse members of the animal kingdom. Structurally, all
collagens adopt a triple-helical conformation in the tertiary struc-
ture of the protein composed of three left-handed polyproline
II-type chains that intertwine around a central axis, forming a
right-handed superhelix (44). There have been 19 different types
of vertebrate collagens classified that are essential building ele-
ments of connective tissues, but other unique collagens were
found in invertebrates, including mussels, worms, and sponges
(45, 46). More recently, prokaryotic collagens were also described
in bacteria and phages (47) that form collagen-like triple helices
(48).

In the fungal kingdom, collagens have been less well character-
ized since the discovery of the fimbriae containing collagen-like
protein in the haploid cells of the smut fungus, Microbotryum
violaceum (49, 50). More recently, the Metarhizium anisopliae
Mcl1 collagen-like protein has been identified and characterized
as a component of protective coating that mediated immune eva-
sion in a Manduca sexta insect model (51). Interestingly, Mcl1
expression was induced upon transfer into a M. sexta hemolymph
and impeded phagocytosis. In the aggregate, several known do-
mains were predicted in fungal collagen-like proteins that were
also found in the transcription initiation factor RNase, calapain
family cysteine protease, or mucin-like protein; a complete list of
all fungal CLPs and their domain organization is shown in Fig. S1
in the supplemental material. Here, we report nine Aspergillus
collagen-like proteins, designated Acl, that were annotated in the
collagen Pfam database among members of the environmental
molds belonging to the fungal order Eurotiales (family Trichoco-
maceae). In addition to the common collagen-like (CL) region, six
Acl proteins contain predicted amino-terminal signal peptides
and two had a predicted carboxyl-terminal cell-anchor GPI signa-
ture; one protein, AclN1 of A. nidulans, had both, strongly sug-
gesting that it is cell associated. In preliminary experiments, we
detected the AclF1 protein in association with hyphal extracts of
A. fumigatus 293 by Western blotting (data not shown); however,
expression of the AclF1 protein in different morphological units
among A. fumigatus strains is a subject of future studies.

The Acl proteins differ by size and primary sequence, but their
presumed function(s) cannot be assumed since only the AclK1
protein of A. kawachii contains a known predicted RNase domain.
Based on available data, the CL regions of the Acls contain 13 to 42
triplet repeats that are often composed of a single triplet or a few
distinct triplets. Interestingly, two proteins, AclF1 and AclT2, con-
tain two-amino-acid interruptions within their CL regions. Sim-
ilar interruptions that form kinks are found in the triple-helical
domains of several mammalian proteins, such as complement fac-

CL

Af293

C223A Sample No. 10L 75 I Sample No. 10

A357G

Sample No. 3
Sample No. 5
Sample No. 8
Sample No. 9
Sample No. 10
Sample No. 11
Sample No. 17
Sample No. 18

T699A 

Δ546-581

Δ748-759

A798C Sample No. 15

C942T

G1006A 
Sample No. 12
Sample No. 13
Sample No. 19

G336R 

Δ250-253 Δ(GDKP)

Δ183-194 Δ(GXY)5-8Sample No. 3
Sample No. 5
Sample No. 8
Sample No. 9
Sample No. 10
Sample No. 11
Sample No. 17
Sample No. 18

Sample No. 12
Sample No. 13
Sample No. 19

DNAPROTEIN

Af29
3
3 5 8 9 10 11 12 13 15 17 18 19M

A

B

100

500

FIG 6 Allelic polymorphism in aclF1 gene and AclF1 protein among clinical
isolates of A. fumigatus. (A) Length polymorphism of the aclF1-collagen-like
region. PCR amplicons were generated with the aclF1-CL primers (Table 1)
flanking the CL region of the aclF1 gene in 12 clinical A. fumigatus strains and
resolved in a 2% agarose gel. M, 1-kb Plus TrackIt DNA ladder. (B) aclF1/
AclF1 gene/protein sequence polymorphism among clinical A. fumigatus
strains compared to aclF1 in the sequenced strain Af293. A summary of nucle-
otide and amino acid polymorphisms is shown; nonsynonymous polymor-
phisms are indicated in bold.
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tor C1q and mammalian lectins (52–54). These proteins possess
globular carbohydrate recognition domains (CRD) and are ar-
ranged in higher-ordered cross-shaped or bouquet-shaped qua-
ternary structures for increased binding potential of the CRDs (53,
55). Kinks in the collagen-like domains serve to accommodate the
packaging of the globular domains. In higher eukaryotes, post-
translational hydroxylation of proline residues at position Y is
considered essential for the stability of the triple helix (56–58).
Sequencing databases suggest that the putative enzyme prolyl
4-hydroxylase is present in several Aspergillus species and thereby
could facilitate the stabilization of the Acl-CL triple helix through
proline hydroxylation; however, proline residues at position Y are
found only in the CL regions of AclF1, AclT1, AclFL1, and AclN1,
whereas they are missing in 5 remaining Acls. Further studies are
needed to formally demonstrate that Acl proteins are trimeric and
that they form collagen-like triple helices.

In this study, we identified the acl genes among several species
belonging to the genus Aspergillus. Our initial screening of the
available 12 A. fumigatus strains, as well as positive detection of the
12 clinical isolates, provides promising data about the applicabil-
ity of acl-based detection of Aspergillus using PCR or other molec-
ular-based platforms. This finding is significant, as this organism
is responsible for more than 90% of IA cases (43). Unfortunately,
we had limited numbers of A. flavus, A. nidulans, A. niger, and A.
terreus strains that have not yet been sequenced, and yet the acl-
based detection still produced amplicons of the predicted size for
their respective organisms. These results suggest the potential use
of the noncollagenous acl regions as species-specific detection tar-
gets.

Molecular epidemiology involves strain fingerprinting, which
often employs length polymorphism associated with the presence
of sequence repeats. Microsatellite repeats and genes with internal

repeats were identified and characterized in Aspergillus and Can-
dida, respectively (59, 60). Length polymorphism associated with
triplet repeats of the collagen-like region has also been used for
bacterial strain differentiation (22–24). Here, we assessed length
variation of the aclF1 gene by PCR with primers flanking the CL
region. Unexpectedly, only 1 of 12 A. fumigatus strains showed
length polymorphism as detected by gel electrophoresis. Sequence
analysis confirmed the deletion of three GXY repeats as well as an
additional deletion of four amino acids outside the CL region.
These data suggest either greater-than-expected stability of the
aclF1-CL region or the need for additional data.

Two commercially available assays include the broad-patho-
gen-range SeptiFast assay (Roche Molecular Systems, Mannheim,
Germany) and the MycAssay Aspergillus (Myconostica, Cam-
bridge, United Kingdom); PCR detection of DNA is based on
bacterial 16S-23S (SeptiFast) and fungal 18S-5.8S internal tran-
scribed space (ITS) regions of rRNA genes (SeptiFast and Myc-
Assay Aspergillus). The MycAssay Aspergillus, a Conformité Euro-
péenne-marked quantitative PCR (qPCR) assay, was comparable
in performance to an existing galactomannan enzyme-linked im-
munosorbent assay (GM-ELISA), which has been incorporated
into the European Organization for Research and Treatment of
Cancer/Mycoses Study Group (EORTC/MSG) as a disease-defin-
ing criterion (61). Although the assay is capable of detecting 15
different Aspergillus spp. according to the manufacturer product
insert, it does not discriminate between the species, which can be a
crucial determinant for selection of appropriate antifungal treat-
ment (62–66). A similar ITS1-based qPCR assay for detection of
the four medically most important Aspergillus species, i.e., A. fu-
migatus, A. flavus, A. niger, and A. terreus, has been successfully
developed and tested in the United States (67). For comparison, a
diagnostic approach based on the current acl model may provide
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rationalized treatment of the five most common disease-causing
agents but may not be able to detect other Aspergillus species that
rarely cause diseases.

Our current preliminary assessment of the acl-based detection
produced unexpected results in two cases: (i) a lack of positive
identification of Neosartorya fischeri in clinical sample no. 16 and
(ii) an unexpected positive amplification of A. parasiticus with A.
flavus-specific primers. Neosartorya fischeri (the telomorph of A.
thermomutatus) and N. pseudofischeri (the telomorph of A. ther-
momutatus) have great phenotypic similarity to some A. fumigatus
strains (68), which may explain why the aforementioned organ-
isms were phenotypically identified as A. fumigatus. Despite its
morphological similarity to A. fumigatus, however, sample no. 16
consistently failed to amplify with any of the acl assays. Upon
sample reculturing, the microscopic appearance (with absence of
cleistothecia) and growth at 45°C remained consistent with A.
fumigatus, although colonies on Sabaroud dextrose agar were pink
rather than green. Subsequent ITS- and NL-region sequencing
confirmed the identity of N. pseudofischeri (A. thermomutatus).
Therefore, the lack of amplification with the acl assays indicates
that this organism either lacks the acl gene or has an acl sequence
with limited similarity to that of the A. fumigatus aclF1 gene re-
ported in this study.

In contrast, A. flavus and A. parasiticus are notorious for their
aflatoxin production in agriculture. As such, their relationship has
been the subject of genomic and proteomic studies. Unfortu-
nately, the entire genome for A. flavus has not been assembled, and
apart from the aflatoxin pathway, there is very little genomic data
on A. parasiticus. Nevertheless, the close genetic relationship be-
tween these organisms has been demonstrated through the above-
mentioned pathway, as well as for additional genetic loci analyzed,
including 5.8S-ITS, aflR, nor-1, and �-tubulin loci (4, 69, 70).
Furthermore, upon the discovery of a sexual life cycle of several
Aspergillus species, an experimental telomorph of A. flavus was
demonstrated to be morphologically indistinguishable from that
of A. parasiticus by Horn et al. (71). Our finding that the aclFL1-
based primer pairs produced amplicons in both A. flavus and A.
parasiticus is consistent with the trend of genetic homology be-
tween these species.

The use of microscale separation was assessed for the acl-based
amplicons as an alternative to agarose gel electrophoresis. Separa-
tions performed in a capillary with an inner diameter ranging
from 10 to 100 �m utilize nano-to-femtoliter sample volumes.
Microscale separations may be performed in automated instru-
ments or in portable microfluidic devices. In addition, the de-
creased channel diameter generates lower separation current, and
electric field strengths ranging from 100 to 600 V/cm can be used.
Higher field strengths generate more-efficient analyte peaks in
shorter separation times. Chemical sieving of DNA fragments has
been accomplished using capillary electrophoresis separations in
cross-linked gels (72). Although separations with cross-link gels
are possible, linear polymers are more frequently used for capil-
lary sieving of DNA (73–75). Linear gels are viscous additives that
provide good separation performance and do not need to be po-
lymerized in the capillary. Issues associated with the introduction
of highly viscous materials into narrow-bore capillaries have
spawned the use of thermally reversible sieving materials (76–78),
including phospholipid nanogels (36). These materials are intro-
duced into the capillary at a temperature that generates low vis-
cosity and then converted into a highly viscous separation additive

in the capillary by changing the separation temperature. For phos-
pholipid nanogels, the viscosity increases by 2 orders of magni-
tude when the temperature is increased from 19°C to 30°C and the
shear rate is changed (79). This thermal response provides a
means to easily fill or expel the sieving material at 19°C. Sieving is
then accomplished at 30°C. Separations performed under condi-
tions that do not denature DNA provided nearly single-base res-
olution of short tandem repeats relevant to human identification
(36).

The similarity between a slab gel separation and a capillary
nanogel separation is demonstrated in Fig. 2C with a size ladder
and the separation of the acF1-5= and aclF1-3= amplicons from A.
fumigatus. The ladder and amplicons are separated in two differ-
ent runs, in a manner analogous to the use of separate lanes in a
slab gel. Slab gel separations of double-stranded DNA (dsDNA)
typically incorporate a fluorescent intercalating dye, such as SYBR
green 1, in the sieving material. For the capillary nanogel separa-
tions, the intercalating dye is not included in the media. Instead, a
nanoliter-volume plug of dye loaded nanogel is loaded into the
capillary near the detection window. At the onset of separation,
the cationic dye migrates toward the DNA fragments. Once the
DNA fragments and cationic dye intersect, the resulting DNA-dye
complex continues to migrate toward the detection window. In
order to quantify the size of DNA fragments, accurate size mea-
surements of DNA are achieved by coinjecting internal size stan-
dards with the PCR marker (see Fig. S3 in the supplemental ma-
terial). This obviates the run-to-run variability in migration time
that may occur with variability in the degree of dye loading.

The separations shown in Fig. 4 yield size determinations with
an accuracy of 1 bp (aclN1-3=, aclNi1-5=), 2 bp (aclT2-5=, aclF1-
3=), 3 bp (aclFL1-3=), or 6 bp (acF1-5=). The accuracy of size stan-
dardization is a function of the size of the DNA separated, the
available standard size, and the applied voltage. The size range of
the measurement affects accuracy, as the DNA migration is linear
(i.e., in Ogston sieving) up to �450 bp (36). DNA fragments larger
than this undergo reptation-based transport. More accurate size
measurement is obtained for the size standards that are closest to
the expected size of the DNA fragment; however, overlap with the
other amplicons to be measured limits the standards that may be
used. Lower applied voltages reduce the effect of DNA alignment
in the electric field, which improves size determination. However,
separation times are longer for lower field strengths. If the preci-
sion of the size determination is not critical, capillary nanogel
separations can be obtained in shorter separation times (�5 to 10
min) than those shown in Fig. 2C and 4B and yet still yield baseline
resolution of the DNA fragments (36).

Based on the current results presented here, the acl genes are
species specific and appear to be widely distributed among strains
tested. Notably, the broad diversity of fungal collagen-like pro-
teins suggests that the utilization of acl genes should not result in
false-positive species identifications in clinical settings. The colla-
gen-like region of aclF1 exhibits some length polymorphism, but a
screening of a broader spectrum of strains is necessary to further
understand the applicability of the acl-based assay for strain fin-
gerprinting. The phylogeny created from the available strains pro-
vides evidence that this locus may be informative for further ex-
amination and identification of clinical strains. While the
environmental and clinical isolates were obtained from diverse
geographical areas (Table 1), two major aclF1 clades were ob-
tained. The grouping of solely clinical isolates (i.e., of A. fumigatus
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strain 6113 with eight contemporary clinical samples [no. 3, 5, 8,
9, 10, 11, 17, and 18]) may indicate that the basal aclF1 allele may
be undergoing changes linked to a higher propensity for clinical
infections and also may be incorporated for diagnostics of disease-
causing strains. Interestingly, atypical A. fumigatus strain Af6113,
which was isolated from a sinusitis case of a patient at the Univer-
sity of California, San Francisco Medical Center, was morpholog-
ically distinct and was initially designated A. phialiseptus (80). The
acl-based assay was able to correctly identify 18 of 19 clinically
isolated plate cultures of Aspergillus spp. to the species level, miss-
ing only one species (N. pseudofischeri/A. thermomutatus) for
which primers were not targeted. This is due to the fundamental
difference of the acl-based assay from existing commercial PCR-
based assays, namely, its focusing on species differentiation
among the most common etiologic agents of aspergillosis rather
than on pan-Aspergillus sensitivity. As the concept of the acl assay
is amplicon size-based discrimination, capillary electrophoresis
provides a more accurate tool for multiplex separation of several
products. Finally, given that the AclF1 protein of A. fumigatus
harbors a signal peptide and is associated with production and
display by hyphae (the predominant fungal form in invasive dis-
ease), the potential for serologic detection of these molecules in
diagnostic applications would appear promising. In summary,
here we demonstrate the potential of the acl genes as biomarkers
for detection of several Aspergillus species.
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