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Chaetomium globosum is a hydrophilic fungal species and a contaminant of water-damaged building materials
in North America. Methods to detect Chaetomium species include subjective identification of ascospores, viable
culture, or molecular-based detection methods. In this study, we describe the production and initial charac-
terization of a monoclonal antibody (MAb) for C. globosum enolase. MAb 1C7, a murine IgG1 isotype MAb,
was produced and reacted with recombinant C. globosum enolase (rCgEno) in an enzyme-linked immuno-
sorbent assay and with a putative C. globosum enolase in a Western blot. Epitope mapping showed MAb 1C7
specific reactivity to an enolase decapeptide, LTYEELANLY, that is highly conserved within the fungal class
Sordariomycetes. Cross-reactivity studies showed MAb 1C7 reactivity to C. atrobrunneum but not C. indicum.
MAb 1C7 did not react with enolase from Aspergillus fumigatus, which is divergent in only two amino acids
within this epitope. The results of this study suggest potential utility of MAb 1C7 in Western blot applications
for the detection of Chaetomium and other Sordariomycetes species.

Introduction

W ater infiltration in the built environment can
lead to the amplification of fungal species on cellu-

lose-based building materials.(1) Cellulolytic fungi such as
Ulocladium chartarum, Stachybotrys chartarum, and Chae-
tomium globosum are widely recognized indicator species of
fungal contamination due to their infrequent recovery from
indoor environments with no water damage.(1,2) Chaetomium
species are ubiquitous in the environment and are among the
most common contaminants of cellulose-based substrates in
the built environment.(2–4) Compared to other species within
this genus, C. globosum is frequently isolated from a broad
diversity of water-damaged building materials.(4,5) In addi-
tion to biodeterioration, exposure to C. globosum may also be
considered a health hazard. Inoculation of C. globosum on
gypsum board can result in the production of cytochalasin
family mycotoxins, chaetoglobosins A and C, at levels as
high as 50mg/cm2.(6) Personal exposure has been associated
with allergic sensitization,(7) and a relationship between
C. globosum exposure and pediatric asthma has been reported
in North Carolina.(8) C. globosum has also been reported in
cases of cutaneous, subcutaneous, and opportunistic mycoses
in immunocompromised patients.(9–12)

Conventional methods to detect C. globosum in indoor
environmental samples include the identification of round,
oval, or flask-shaped perithecia (sexual fruiting structures) or

darkly pigmented, lemon-shaped ascospores (spores) using
viable or non-viable exposure assessment approaches. Al-
though conventional methods are an important tool in fungal
surveillance in the commercial and academic sectors, these
approaches are often subjective, require several days for
processing, and lack specificity, as many spores share similar
morphological features. In contrast, monoclonal antibody
(MAb)-based detection methods may provide a standardized
approach to quantify the target organism(s) using rapid im-
munoassay platforms such as lateral flow assays, enzyme
linked immunosorbent assays (ELISAs), or Western blot
analysis. To date, MAbs have been developed for the de-
tection of S. chartarum,(13) whereas for Chaetomium species,
only polyclonal antibodies have been produced in rabbits.(5)

C. globosum produces a variety of intracellular and ex-
tracellular antigens as part of the organism’s life cycle. En-
olase, a 45–50 kDa enzyme that catalyzes the conversion of
2-phosphoglycerate to phosphoenolpyruvate in fungal gly-
colysis, is present within the cytosol and cell wall, and is
secreted during hyphal growth of various fungi.(14,15) Based
on these data, C. globosum enolase was selected as a candi-
date biomarker for the detection of C. globosum. In the
present study, C. globosum enolase was cloned and a re-
combinant was expressed in Escherichia coli for the pro-
duction of MAbs. Here we describe the development of
MAbs against the recombinant enolase. The production of
enolase MAbs may have unique application for the detection
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of this cellulolytic fungal species as well as other closely
related Chaetomium species in the built environment.

Materials and Methods

Fungal cultures

Fungal isolates were acquired from the University of Al-
berta Microfungus Collection and Herbarium (UAMH), the
United States Department of Agriculture, Agriculture Re-
search Service Culture Collection (NRRL), and the American
Type Culture Collection (ATCC, Manassas, VA). Isolates
evaluated in this study included seven strains of C. globosum
(Table 1). Additional fungal species, including C. indicum, C.
atrobrunneum, and Aspergillus fumigatus, were also evalu-
ated in cross-reactivity studies (Table 1). All Chaetomium
isolates were maintained in short-term slant cultures at 4�C
and stored at - 70�C for long-term storage by suspending
ascospores in a 25% glycerol solution.

Cloning of recombinant C. globosum enolase

The putative sequence for C. globosum enolase was ob-
tained by performing a BLAST search with Chaetomium
enolase as a search query. The search yielded several results
for homologs present in different fungal divisions and in-
cluded a 419 amino acid putative uncharacterized C. globosum
protein (Q2HFP6). Sequences of putative uncharacterized
proteins from C. globosum, Thielavia terrestris, Neuro-
spora crassa, and A. fumigatus were analyzed using Clustal
O multiple sequence alignment software and is shown in
Figure 1.(16,17)

C. globosum (NRRL 1870) was initially inoculated and
grown on minimal agar media for the development of spor-
ulating cultures. Ascospores derived from C. globosum were
then inoculated in oatmeal broth media (50 mL) at a final
concentration of 200 spores/mL. Cultures were grown for 3
days at room temperature (RT), after which the mycelium
was harvested and washed thoroughly in phosphate buffered
saline (PBS, pH 7.4) as previously described.(18)

A schematic of the cloning strategy used to generate re-
combinant C. globosum enolase (rCgEno) is shown in Figure
2. Total RNA was extracted from washed C. globosum my-
celia using a phenol-free RNeasy Plant Mini Kit, according to
manufacturer’s instructions (Qiagen, Valencia, CA). In brief,
hyphae, spores, or cells were macerated in liquid nitrogen,
followed by a homogenization step in a lysis/binding buffer

supplied by the manufacturer. Following homogenization,
samples were briefly centrifuged to remove insoluble debris.
The cleared lysate was then applied to an RNA-binding filter
cartridge and washed, and the resulting purified RNA was
eluted with an appropriate volume of pre-heated elution
buffer. DNase was then added according to the manufactur-
er’s instructions (Qiagen).

Reverse transcription of the purified total RNA into the
complementary DNA (cDNA) was carried out using the
RETROscript RT-PCR Kit (Ambion, Austin, TX). Utilizing a
two-step method in combination with heat denaturation, the
RNA template was primed with oligo dT primers at a final
concentration of 5 mM. Reaction conditions were as follows:
3 min at 80�C, 60 minutes at 44�C, and 10 min at 92�C.
Enolase-specific primers were designed using Primer3 software
(http://frodo.wi.mit.edu/primer3/): (forward primer 5¢-AT
GAATTCATGACCATCTCCAAGATCCAC-3¢ and reverse
primer 5¢-ATGAATTCTTACAGCTGAACCGCCTTG-3¢)
to amplify the open reading frame encoding C. globosum
enolase using cDNA as the template and the Platinum Taq
DNA polymerase kit (Invitrogen, Carlsbad, CA). Restriction
enzyme recognition sequences (EcoRI sites underlined) were
added to the 5¢ end of each primer for ligation into the E. coli
expression vector pASK-IBA6 (IBA LifeSciences, Gottin-
gen, Germany). PCR was performed with initialization at
94�C for 2 min followed by 32 cycles of denaturation at 94�C
for 30 s, annealing at 64�C for 30 s, and extension at 72�C for
80 s, with final extension at 72�C for 3 min. The PCR product
was ligated into the EcoRI-digested pASK IBA6 vector (IBA
LifeSciences) and then transformed into One Shot� TOP10
chemically competent E. coli cells (Invitrogen) and inocu-
lated onto a selective growth medium. Following overnight
incubation at 37�C, transformants were selected and cultured,
and pASK-IBA6 plasmid constructs were isolated. Restric-
tion analysis was then used to confirm the presence and ori-
entation of the cloned C. globosum enolase gene.

Enolase-pASK-IBA6 constructs were submitted to the
University of Georgia Sequencing and Synthesis Facility for
sequence analysis using the ABI PRISM� 3100 Genetic
Analyzer. Both M13 Forward and T7 Promoter priming sites
present on the pASK-IBA6 vector were used to sequence
cDNA clones. Data analysis and sequence homology sear-
ches were performed using various programs available
through the National Center for Biotechnology Information
(NCBI) in order to confirm that the enolase gene was
in-frame.

Expression and purification of recombinant
C. globosum enolase

For expression of rCgEno, the pASK-IBA6 plasmid (IBA
LifeSciences) containing an in-frame CgEno coding se-
quence was introduced into E. coli BL21 Star� (DE3) One
Shot cells (Invitrogen) (Fig. 2). This cell line has been en-
gineered for the expression of recombinant proteins utilizing
the tetA promoter. Following a similar transformation pro-
tocol as described above, rCgEno expression was induced
using anhydrotetracycline. Briefly, the transformed cell line
was cultured in Luria-Bertani medium (50 mL) supple-
mented with 100 mg/mL ampicillin overnight at 37�C at 200
RPM until cell growth reached the optical density (OD) of
0.5–0.8 at OD600. Anhydrotetracycline was then added at a

Table 1. Chaetomium Cultures and Culture

Collection Identifiers

Fungal species Culture collection

Chaetomium globosum UAMH 841
Chaetomium globosum UAMH 7142
Chaetomium globosum UAMH 7407
Chaetomium globosum UAMH 7762
Chaetomium globosum UAMH 9683
Chaetomium globosum NRRL 54188
Chaetomium globosum NRRL 1870
Chaetomium indicum UAMH 7031
Chaetomium atrobrunneum ATCC 64497
Aspergillus fumigatus ATCC 13073
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concentration that was non-toxic to cells (200 ng/mL), and
cell samples were further cultured overnight at 25�C.

rCgEno was then harvested from E. coli by centrifugation
at 12,000 g for 15 min at 4�C. The cell pellet was resuspended
in 10 mL of CelLytic B solution (Sigma, St. Louis, MO).
Phenylmethylsulfonyl fluoride (100 mL) was added to inhibit
endogenous protease activity. Avidin (100mL, 2 mg/mL) was
also added to the CelLytic B solution to remove endogenous
biotin carboxyl carrier protein (BCCP) that would otherwise

bind to the Strep-Tactin column (IBA LifeSciences) and in-
terfere with the purification of rCgEno. The suspension was
then centrifuged at 12,000 g for 15 min at 4�C to remove
lysed E. coli and cellular debris. The supernatant was applied
to an affinity column packed with 10 mL Strep-Tactin-
sepharose (IBA LifeSciences), and unbound proteins were
removed with washing buffer (100 mM TRIS 150 mM NaCl,
1 mM EDTA [pH 8.0]; IBA LifeSciences). rCgEno was then
eluted with washing buffer containing 2.5 mM desthiobiotin

FIG. 1. Sequence alignment of putative and characterized enolase derived from Chaetomium and other closely related
fungal species. The full-length sequence of Chaetomium globosum enolase was identified by translation of the cDNA
sequence and is identified as cDNA. Alignment was performed using Clustal Omega. Database accession numbers identify
putative or enolase sequences. CHAGB, putative uncharacterized protein Chaetomium globosum; THITE, putative un-
characterized protein Thielavia terrestris; NEUCR, enolase Neurospora crassa; ASPFU, enolase Aspergillus fumigatus.
Highlighted yellow represents the epitope of MAb 1C7 and homology between CHAGB, THITE, and NEUCR. Highlighted
red boxes represent two amino acid substitutions in the ASPFU enolase sequence and correspond to glutamic acid (E) for
glutamine (Q) and asparagine (N) for aspartic acid (D). Symbols correspond to (*) positions that have a single, fully
conserved residue; (:) indicates conservation between groups of strongly similar properties; (.) indicates conservation
between groups of weakly similar properties. The sequence analysis was performed on February 21, 2014.
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[pH 8.0]; IBA LifeSciences) and the concentration of the
purified rCgEno was determined using a NanoDrop ND1000
Spectrometer (Thermo Scientific, Wilmington, DE). rCgEno
was then dialyzed in PBS (pH 7.4) and stored at - 20�C until
use in SDS-PAGE and immunoblotting studies.

SDS-PAGE

Purified rCgEno (1 mg/lane) was separated by SDS-PAGE
on a 12% acrylamide separating gel and 4% stacking gel after
denaturation in electrophoresis sample buffer according to
the method of Laemmli.(19) SDS-PAGE was carried out
using 100V constant voltage for 90 min, and the separated

proteins were stained with Imperial� protein stain (Thermo
Scientific, Rockford, IL) as previously described.(20) In-
dividual bands corresponding to rCgEno were observed at
49 kDa, and excised bands were submitted for mass spec-
trometry analysis.

Vertebrate animals

Female BALB/cJ mice (n = 3) were acclimated for ap-
proximately 1 week prior to the rCgEno immunizations. The
mice were housed in HEPA-filtered ventilated polycarbonate
cages on autoclaved hardwood chip bedding. The tempera-
ture in the animal facility was maintained between 68�F and

FIG. 2. Cloning strategy for recombinant enolase in pASK-IBA6 vector and expression in Escherichia coli (A). Ethidium
bromide-stained agarose gel electrophoresis image of enolase genes amplified with primers CgEno_F1 and CgEno_R1 from
panel A using PCR. PCR was performed on four separate cDNA preparations (lanes 1–4) and also a genomic DNA
preparation. Note the slightly faster migration pattern of cDNA amplicons compared to genomic DNA. bp = DNA standard
with length in base pairs (bp) indicated to the left (B). Characterization of purified recombinant C. globosum enolase using
SDS-PAGE. Lane 1, MW markers; lane 2, Strep-Tactin purified recombinant C. globosum enolase fraction (C).

PRODUCTION OF C. globosum MONOCLONAL ANTIBODY 431



72�F and the relative humidity between 36 and 57%. The
light/dark cycle was maintained on 12-h intervals. Mice were
provided NIH-31 modified 6% irradiated rodent diet (Harlan
Laboratories, Madison, WI) and autoclaved tap water ad li-
bitum. Sentinel mice housed in the animal quarters were free
of viral pathogens, parasites, mycoplasmas, Helicobacter
species, and cilia-associated respiratory Bacillus species.
The NIOSH animal facility is an environmentally controlled
barrier facility that is fully accredited by the Association for
the Assessment and Accreditations of Laboratory Animal
Care International. All animal procedures were performed
under a National Institute for Occupational Safety and Health
(NIOSH) Animal Care and Use Committee approved proto-
col 09-DS-M-007, amendment A-10-071.

Immunization of female BALB/cJ mice
with recombinant C. globosum enolase

Three female BALB/cJ mice ( Jackson Laboratory, Bar
Harbor, ME), age 5–7 weeks, were immunized via intraper-
itoneal (IP) injection with a 50:50 (v/v) emulsion of 25 mg
rCgEno and TiterMax� Gold Adjuvant (TiterMax, Norcross,
GA). Five subsequent booster IP immunizations containing
5 mg rCgEno in sterile PBS were administered at biweekly
intervals. The final boost was administered 3 days before the
MAb fusion. Approximately, 100mL of blood was collected
from the tail of each mouse 7 days prior to the first immu-
nization (pre-bleed) and 7 days after each subsequent booster
immunization (post-bleed) to monitor the development of
serum immunoglobulin G (IgG) responses.

Recombinant C. globosum enolase-antisera
screening ELISA

Pre- and post-immunization mouse sera were screened
using an indirect ELISA. Briefly, 96-well Nunc Immuno
MaxiSorp microplates (Thermo Fisher Scientific) were
coated with 2 mg/mL rCgEno in carbonate coating buffer
(CCB, pH 9.6) and incubated at RT overnight. Wells were
washed three times with PBS containing 0.05% Tween-20
(PBST) and then blocked for 1 h at RT with 200mL PBST
containing 3% non-fat dry skim milk powder (SMPBST).
Murine IgG titers were evaluated by incubating duplicate
wells for 1 h at 37�C with 100mL/well of individual serum
2-fold serially diluted from 1:100 to 1:25,600 (v/v) in
SMPBST. Wells were washed three times with PBST and
bound murine IgG was detected by incubating wells for 1 h at
37�C with 100 mL/well alkaline phosphatase (AP) conjugated
anti-mouse IgG (H + L) (Promega, Madison, WI) diluted
1:5000 (v/v) in SMPBST. Individual wells were washed three
times with PBST and developed for 30 min at RT with
100 mL/well AP substrate and 0.5 mg/mL p-nitrophenyl
phosphate-containing buffer (Sigma Aldrich, St. Louis, MO).
The optical density was determined spectrophotometrically
at 405 nm using an UltraMicroplate Reader (ELx800, Bio-
Tek Instruments, Winooski, VT).

Splenocyte fusion and hybridoma screening

Mice were euthanized by CO2 asphyxiation 3 days fol-
lowing the final booster immunization with 5 mg rCgEno in
sterile PBS. Individual spleens were aseptically removed
from each mouse and single cell suspensions of the spleno-

cytes were produced. Fusion of splenocytes with SP2/
0-AG14 myeloma cells (ATCC# CRL-1581) was performed
as previously described.(21,22) Hybridomas were selected by
growing cells in Dulbecco’s Modified Eagle Medium
(DMEM, Life Technologies, Rockville, MD) supplemented
with 1 mM sodium pyruvate, 100 U/mL penicillin, 100 mg/mL
streptomycin, 0.292 mg/mL L-glutamine, 100 mM sodium
hypoxanthine, 16 mM thymidine, 10% fetal calf serum (FCS,
HyClone, Logan, UT), and 100 U/mL IL-6 (Boerhinger,
Mannheim, Germany). DMEM was also supplemented with
azaserine for selective propagation of hybridomas. After 10–
14 days of growth, medium from individual wells with hy-
bridoma cell growth was replenished with fresh DMEM.

The supernatant fluid from confluent hybridomas was di-
luted 1:2 (v/v) in SMPBST and tested using the rCgEno in-
direct ELISA. Hybridomas that were confirmed to produce
rCgEno specific MAb were selected and grown in bulk,
transferred to a 96-well tissue culture plate, and cloned twice
by limiting dilution. Single positive clones were re-screened
using the indirect ELISA, selected, grown in bulk, and pu-
rified according to the method of Kent.(23) Purified MAb was
utilized in preliminary characterization studies. Hybridoma
cell lines of individual clones were frozen in 10% dimethyl
sulfoxide (Sigma Aldrich) and 10% fetal calf serum, stored at
- 80�C for 2 weeks, and then transferred to NIOSH liquid
nitrogen facility for long-term storage.

Monoclonal antibody isotyping and quantification

An indirect ELISA was used to determine the isotype of
selected rCgEno-specific MAbs. Briefly, 96-well Nunc Im-
muno MaxiSorp microplates (Thermo Fisher Scientific) were
divided into five duplicate vertical wells coated with 100mL
of either 1 mg/mL AffiniPure goat anti-mouse IgG Fc subclass
1, 2a, 2b or 3 ( Jackson ImmunoResearch Laboratories, West
Grove, PA) in CCB and incubated overnight at RT. For
murine IgM, duplicate wells were coated with 1 mg/mL
AffiniPure goat anti-mouse IgM and m chain-specific poly-
clonal antibody in CCB and incubated overnight at RT. Wells
were washed three times with PBST and blocked for 1 h at RT
with 200mL SMPBST. Duplicate wells containing 100mL/well
purified MAb diluted 1:2 (v/v) in SMPBST were incubated
for 1 h at 37�C. Isotype specific MAbs were included as
isotype-specific positive controls. Wells were washed three
times with PBST, and bound murine IgG isotype MAbs were
detected by incubating wells with 100mL/well AP-conju-
gated anti-mouse IgG (H + L) (Promega) diluted 1:5000 (v/v)
in SMPBST for 1 h at 37�C. For IgM isotype detection, wells
were incubated for 1 h at 37�C with 100mL/well biotin-SP-
conjugated AffiniPure goat anti-mouse IgG + IgM (H + L)
( Jackson ImmunoResearch Laboratories) diluted 1:5000 (v/
v) in SMPBST. IgM isotype wells were additionally washed
and incubated for 1 h at 37�C with 100mL/well AP-conjugated
streptavidin ( Jackson ImmunoResearch Laboratories) diluted
1:5000 (v/v) in SMPBST. Following secondary antibody in-
cubations, individual wells were washed three times with
PBST and developed for 30 min at RT with 100mL/well AP
substrate (Sigma Aldrich) and the OD was determined as
previously described.

A modification of the indirect ELISA above was used to
quantify the purified IgG1 isotype rCgEno-specific MAbs.
Briefly, 96-well Nunc Immuno MaxiSorp microplates (Thermo
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Fisher Scientific) were coated with 100mL of 1mg/mL Affi-
niPure goat anti-mouse IgG Fc subclass 1 (Jackson Im-
munoResearch Laboratories) in CCB and incubated overnight
at RT. Wells were washed three times with PBST and blocked
for 1 h at RT with 200mL SMPBST. A standard curve for
IgG1k (Sigma Aldrich) was prepared in duplicate and two-fold
serially diluted in 100mL from 100–1.6 ng/mL. Duplicate wells
containing 100mL/well purified MAb were two-fold serially
diluted from 1:100 to 1:51,200 (v/v) in SMPBST and incubated
for 1 h at 37�C. Wells were washed three times with PBST and
bound murine IgG1 isotype MAbs were detected by incubating
wells with 100mL/well AP-conjugated anti-mouse IgG (H + L)
(Promega) diluted 1:5000 (v/v) in SMPBST for 1 h at 37�C.
Following secondary antibody incubation, individual wells
were washed three times with PBST and developed for 30 min
at RT with 100mL/well AP substrate; the OD was determined
as previously described.

Fungal extraction

Fungal extracts derived from C. globosum, C. atro-
brunneum, and C. indicum isolates were prepared separately
according to a modification of the method of Hurkman and
Tanaka.(24) Briefly, lyophilized spore, spore suspension, or
hyphal material was macerated in a mortar and pestle in
liquid nitrogen. The powdered fungal material was weighed
and extracted at 4�C in a tissue extraction medium (0.1 M
Trizma base [pH 8.8], 10 mM EDTA, 0.9 M sucrose, 0.4% b-
mercaptoethanol) and Tris-buffered phenol (pH 8.0). The
proteins were then precipitated in 0.1 M ammonium acetate
in methanol. Previous studies conducted by our group have
shown that this protein extraction protocol yields samples
suitable for one-dimensional and two-dimensional electro-
phoresis. An extract of A. fumigatus was additionally pre-
pared by collecting conidia from 10- to 14-day-old cultures
by rolling approximately 1 g of 0.5 mm glass beads (BioSpec
Products, Bartlesville, OK) over the plate. Glass beads with
spores were collected into a 2 mL screw cap microcentrifuge
tube and processed in a Mini Bead Beater (BioSpec Products)
for 1 min to disrupt the outer cell walls of the spores. Spores
were macerated in a mortar and pestal containing liquid N2

and suspended in cold PBS (pH 7.4), containing Complete
Mini Protease Inhibitor Cocktail (Roche Applied Science,
Indianapolis, IN). The protein concentrations were then de-
termined according to the BCA method (Pierce Chemical,
Rockford, IL) and the samples were stored at - 20�C until
further analysis.

Western blot analysis

Western blot analysis was performed to screen the reac-
tivity of MAb 1C7 to rCgEno as well as extracts derived from
C. globosum strains, C. indicum, and C. atrobrunneum (Table
1). A. fumigatus was included as a negative control in Wes-
tern blot experiments due to amino acid substitutions within
the epitope of the A. fumigatus enolase sequence (Fig. 1;
glutamic acid for glutamine and asparagine for aspartic acid).
The rCgEno (0.05 mg/lane) and individual fungal extracts
(20 mg/lane) were individually separated by SDS-PAGE as
described above and transferred to a 0.2 mm nitrocellulose
membrane (BioRad, Hercules, CA) overnight at 15 V as
previously described.(20) The membranes were washed three
times with Tris-buffered saline (TBS, Sigma Aldrich) con-

taining 0.05% Tween-20 (TBST, Fisher Scientific). The
membranes were blocked with 3% bovine serum albumin
(BSA) in TBST for 1 h at RT. Membranes were then washed
with TBST and incubated with 1 mg/mL of MAb 1C7 diluted
in 3% BSA-TBST and incubated on a rocker for 1 h. Mem-
branes were washed three times with TBST and incubated
with AP-conjugated goat anti-mouse IgG antibody (H + L)
diluted 1:5000 in 3% BSA-TBST for 1 h on a rocker. Fol-
lowing secondary antibody incubation, the membranes were
washed three times with TBST, and immunoreactive proteins
were visualized following 30 min incubation with One-Step
nitroblue tetrazolium and bromocholor-indolyl phosphate
(NBT/BCIP) substrate (Promega).

Epitope mapping

Epitope mapping was performed on synthetic peptide
scans synthesized by Sigma Genosys ( JPT Peptide Tech-
nologies, Berlin, Germany). For peptide scans, 216 peptides
spanning the entire rCgEno sequence (including the Strep
Tag) were synthesized as linear decapeptides overlapping by
two amino acids. Peptides were covalently bound to a
Whatman 50 cellulose support (PepSpots membrane) and the
C- and N-termini of the peptides were acetylated for higher
stability. The membranes were processed for epitope map-
ping following the manufacturer’s instructions ( JPT Peptide
Technologies).

In brief, the PepSpots membrane was rinsed in methanol
for 5 min, washed three times with TBS for 10 min, and
blocked overnight at 4�C on a shaker with TBS containing
3% BSA. The membrane was incubated with 1 mg/mL of
rCgEno MAb 1C7 for 3 h at RT on a shaker. The MAb 15B5
served as an IgG1 isotype control as it reacts with an epitope
of the hemolytic protein terrelysin.(21) The membrane was
washed in TBST three times for 5 min each and incubated
with goat anti-mouse IgG horseradish peroxidase-conjugated
antibody (Promega) diluted 1:50000 in blocking buffer for
1 h at RT on a shaker. The membrane was washed thor-
oughly in TBST three times for 5 min each and developed
with ECL Western blotting substrate (Promega) as per the
manufacturer’s instructions. After a brief incubation, excess
substrate was discarded and the membrane was exposed to
CL-XPosureTM clear blue X-Ray film (Thermo Scientific)
and developed on a SRX-101A tabletop processor (Konica
Minolta, Ramsey, NJ). For regeneration, the PepSpots
membrane was washed twice with water for 10 min each and
then incubated with regeneration buffer I (62.5 mM TRIS
containing 2% SDS [pH 6.7]; 100 mM 2-mercaptoethanol)
at 50�C using four 30 min incubations. The membranes were
washed three times for 20 min with PBS (10X), three times
with TBST, and three times with TBS for 10 min at RT. The
membrane was analyzed to ensure efficient removal of
bound primary and secondary antibodies prior to analysis of
new MAbs.

Results and Discussion

Enolase (2-phospho-D-glycerate hydro-lyase; EC 4.2.1.11)
is a well-characterized prokaryotic and eukaryotic cytoplas-
mic enzyme that catalyzes the conversion of 2-phospho-
glycerate to phosphoenolpyruvate in fungal glycolysis.(14,15)

In baker’s yeast (Saccharomyces cerevisiae), enolase may
comprise up to 2% of the total protein concentration(25); due
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to its important role in glycolysis, this enzyme is expressed
throughout the lifecycle of the organism.(15) Enolase has been
localized microscopically in the fungal cell wall and the
cytosol, and is secreted during hyphal growth. Enolase has
been sequenced, cloned, and identified as an immuno-
dominant antigen for several fungal species including
S. cerevisiae,(26–28) Candida albicans,(25,27,29–32) Clados-
porium herbarum,(15) Curvularia lunata,(33) Alternaria al-
ternata,(15) Penicillium citrinum,(34) Rhodotourla
mucilaginosa,(35) A. versicolor,(36) and A. fumigatus.(34)

Although there is > 83% identity between enolase derived
from C. globosum (CHGG_00958) and other environmen-
tally prevalent fungi (Fig. 1), these data suggest enough se-
quence divergence for enolase to function as a candidate
biomarker antigen that would enable genus and even species-
specific identification of C. globosum in the built environ-
ment. This has also been confirmed in IgE immunostaining
studies where enolase sensitized subjects had variable re-
sponses to five different fungal enolases.(35)

Using a previously developed cloning and expression
strategy,(18) the C. globosum enolase gene was cloned into the
E. coli expression vector pASK-IBA6. The engineered
vector was then transformed into E. coli and the rCgEno was
expressed (Fig. 2A) and purified (Fig. 2B). The purified
rCgEno was observed in SDS-PAGE analysis to correspond
to the molecular weight (*50 kDa) of putative C. globosum
enolase (Fig. 2C). Mass spectrometry sequence analysis
confirmed the purified recombinant protein to be C. globo-
sum enolase. Although other recombinant C. globosum an-
tigens have been previously published,(37) this is the first
reported production of recombinant enolase derived from
C. globosum.

Immunization of three female BALB/cJ mice with rCgEno
and TiterMax Gold adjuvant resulted in an elevated IgG
antibody response. Following the fusion of murine spleno-
cytes with SP2/0-AG14 myeloma cells, the resulting hy-
bridomas were screened using an indirect ELISA for the
secretion of rCgEno-specific antibodies. Three hybridomas
(1C7, 21D5, and 30C3) were initially identified and exhibited
variable reactivity to immobilized rCgEno in the indirect
screening ELISA. Two clones that produced IgG1 isotype
MAbs survived secondary screening after subcloning and
were further assessed in SDS-PAGE and Western blot stud-
ies. Only 1C7 clones bound to both immobilized rCgEno
(Fig. 3) and to putative enolase derived from C. globosum
spore extracts (Fig. 4). Based on these preliminary results,
clone 1C7 was selected for further characterization.

Western blot studies were designed to evaluate the re-
activity of MAb 1C7 to C. globosum protein extract frac-
tions including spore wash, homogenized spore, and
mycelial extracts. Highest MAb 1C7 reactivity was ob-
served in a *50 kDa band in the homogenized spore ex-
tract that corresponded to rCgEno (data not shown). This
result supports previous studies that have demonstrated
enolase to be associated with the fungal cell wall(38,39) and
the cytosolic fraction.(40) Reduced MAb 1C7 reactivity was
observed in the C. globosum spore wash and mycelial ex-
tracts; however, reactivity was restricted to several lower
molecular weight protein bands (*35–45 kDa) that could
correspond to truncated enolase isoforms (data not shown).
In protozoa, such as Plasmodium, multiple enolase iso-
forms have been described to represent degradation prod-
ucts or originate following phosphorylation or proteolytic
cleavage.(41)

Epitope mapping of MAb 1C7 demonstrated the MAb to
bind to the decapeptide at spot 139 (Fig. 5), which corre-
sponded to amino acids 275-284, LTYEELANLY (Fig. 1).
SPOTscan of the membrane using the isotype control MAb
15B5 and secondary antibodies resulted in non-specific MAb
reactivity observed at spots 172 and 206 (Fig. 5). BLAST
analysis of the peptide sequence LTYEELANLY revealed
100% sequence homology to 16 deposited fungal sequences
(Table 2). An additional two fungal sequences and one
bacterial sequence with 90% homology to the queried dec-
apeptide were also identified (Table 2). All identified se-
quences in the BLAST query corresponded to enolase or
putative proteins with a glycolytic function that belonged to
fungi placed in the class Sordariomycetes. These data cor-
respond to MAb 1C7 Chaetomium species reactivity shown
in Figure 4. Greatest MAb 1C7 reactivity was observed to
C. globosum UAMH strains 9683 and 841 as well as a pu-
tative enolase derived from C. atrobrunneum. Interestingly,
MAb 1C7 did not react with C. indicum or A. fumigatus (Fig.
4). Divergence with as few as two amino acids in the
A. fumigatus extract resulted in the loss of MAb reactivity
(Fig. 1). Although there is no sequence data available for
C. indicum, the results suggest that C. indicum may not share
100% homology with amino acids 275-284 as observed for
C. thermophilum (Table 2). These combined datasets dem-
onstrated that MAb 1C7 is specific for a highly conserved
enolase epitope that is restricted within the fungal class
Sordariomycetes. In addition to reacting with C. globosum
and C. atrobrunneum, MAb 1C7 may additionally react with
other closely related species within the fungal orders Sor-
dariales and Hypocreales.

C. globsoum enolase was selected as a candidate bio-
marker due to its elevated expression in several fungal

FIG. 3. Western blot analysis of IgG1 isotype MAb 1C7
clone reactivity to recombinant C. globosum enolase. Lanes
2–6 represent multiple MAb 1C7 clones that were selected
and purified following the limiting dilution steps. Lane kDa,
MW markers; lane 1, 3% SMPBST; lane 2, 1C7-4D4-1D4;
lane 3, 1C7-3E3-1C4; lane 4, 1C7-3E3-1D4; lane 5, 1C7-
3D4-1C4; lane 6, 1C7-3D4-1D4; lane 7, rCgEno murine
polyclonal antibody.

FIG. 4. Cross-reactivity analysis of IgG1 isotype MAb
1C7 reactivity to enolase derived from Chaetomium species
and A. fumigatus spore extracts. Lane kDa, MW markers;
lane 1, C. globosum (UAMH 9683); lane 2, C. globosum
(UAMH 841); lane 3, C. indicum (UAMH 7031); lane 4, C.
atrobrunneum (ATCC 64497); lane 5, A. fumigatus (ATCC
13073); lane 6, rCgEno.
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species.(42) Targeting a highly expressed protein such as
enolase was hypothesized to result in improved immuno-
assay sensitivity compared to other fungal antigens, such
as terrelysin that may only be expressed during a specific
growth stage of a fungal species.(21) Although the pro-
duction of the IgG1 isotype MAb 1C7 is an exciting de-
velopment for the detection of C. globosum and other
members of Sordariomycetes, the results of these prelim-
inary immunoassay studies demonstrated that MAb 1C7

could not bind to native rCgEno or putative C. globosum
enolase in an inhibition ELISA format (data not shown).
These results suggest that MAb 1C7 may only bind to a
reduced form of C. globosum enolase and would limit the
use of this MAb to Western blot applications. However,
this antibody may prove useful for the detection of enolase
derived from Chaetomium species and other members of
Sordariomycetes in reduced extracts derived from con-
taminated indoor environments.

Table 2. Protein Sequence Homology of C. Globosum Enolase Decapeptide LTYEELANLY

Fungal speciesa Order Class Entry
Protein
names Length

Identity
(%) Score E-value

Chaetomium globosum Sordariales Sordariomycetes Q2HFP6 PUPb 419 100 78 1.6 · 10 - 1

Verticillium alfalfae Incertae sedis Sordariomycetes C9SLU3 Enolase 422 100 78 1.6 · 10 - 1

Neurospora tetrasperma Sordariales Sordariomycetes G4UBY3 Enolase 438 100 78 1.6 · 10 - 1

Verticillium dahliae Incertae sedis Sordariomycetes G2X006 Enolase 438 100 78 1.6 · 10 - 1

Thielavia terrestris Sordariales Sordariomycetes G2R483 PUP 438 100 78 1.6 · 10 - 1

Thielavia heterothallica Sordariales Sordariomycetes G2PZW5 PUP 438 100 78 1.6 · 10 - 1

Neurospora tetrasperma Sordariales Sordariomycetes F8N1J9 Enolase 438 100 78 1.6 · 10 - 1

Sordaria macrospora Sordariales Sordariomycetes F7VKY4 ND 438 100 78 1.6 · 10 - 1

Neurospora crassa Sordariales Sordariomycetes Q7RV85 Enolase 438 100 78 1.6 · 10 - 1

Gibberella fujikuroi Hypocreales Sordariomycetes S0DKR1 Probable
enolase

438 100 71 1.5

Fusarium oxysporum f.
sp. cubense

Hypocreales Sordariomycetes N4U7M4 Enolase 438 100 71 1.5

Fusarium oxysporum f.
sp. cubense
(strain race 4)

Hypocreales Sordariomycetes N1RJM6 Enolase 438 100 71 1.5

Fusarium oxysporum f.
sp. lycopersici

Hypocreales Sordariomycetes J9MAZ1 PUP 438 100 71 1.5

Nectria haematococca Hypocreales Sordariomycetes C7YJZ0 PUP 438 90 71 1.5
Fusarium oxysporum

(strain Fo5176)
Hypocreales Sordariomycetes F9FED6 PUP 448 100 71 1.5

Claviceps purpurea Hypocreales Sordariomycetes M1VZN0 Probable enolase 438 90 66 7.6
Chaetomium

thermophilum
Sordariales Sordariomycetes G0SGR6 2-phospho-D-

hydrolyase-
like protein

438 90 66 7.6

Podospora anserina Sordariales Sordariomycetes B2AYB4 ND 441 90 66 7.6

a90% homology with the bacterial species, Beijerinckia indica subsp. indica was additionally observed.
bPutative uncharacterized protein.
ND, not determined.

FIG. 5. Epitope mapping of MAb 1C7 reactivity. Each spot represents a decapeptide of rCgEno sequence. Decapeptides
were sequential with an overlap of two amino acids. In addition to the rCgEno sequence, the N-terminal purification Strep-
tag II and the Factor Xa cleavage site are included.

PRODUCTION OF C. globosum MONOCLONAL ANTIBODY 435



Acknowledgments

This study was supported in part by an interagency
agreement with NIEHS IAA# AES 12007-00100000.

Author Disclosure Statement

The findings and conclusions in this report are those of the
authors and do not necessarily represent the views of the
National Institute for Occupational Safety and Health.

References

1. Horner WE, Barnes C, Codina R, and Levetin E: Guide
for interpreting reports from inspections/investigations
of indoor mold. J Allergy Clin Immunol 2008;121:592–
597;e597.

2. Andersen B, Frisvad JC, Sondergaard I, Rasmussen IS, and
Larsen LS: Associations between fungal species and water-
damaged building materials. Appl Environ Microbiol 2011;
77:4180–4188.

3. Brasel TL, Campbell AW, Demers RE, Ferguson BS, Fink
J, Vojdani A, Wilson SC, and Straus DC: Detection of
trichothecene mycotoxins in sera from individuals exposed
to Stachybotrys chartarum in indoor environments. Arch
Environ Health 2004;59:317–323.

4. Fogle MR, Douglas DR, Jumper CA, and Straus DC:
Growth and mycotoxin production by Chaetomium globo-
sum. Mycopathologia 2007;164:49–56.

5. Provost NB, Shi C, She YM, Cyr TD, and Miller JD:
Characterization of an antigenic chitosanase from the cel-
lulolytic fungus Chaetomium globosum. Med Mycol 2013;
51:290–299.

6. Nielsen KF, Gravesen S, Nielsen PA, Andersen B, Thrane
U, and Frisvad JC: Production of mycotoxins on artificially
and naturally infested building materials. Mycopathologia
1999;145:43–56.

7. Beezhold DH, Green BJ, Blachere FM, Schmechel D,
Weissman D, Velickoff D, and Wilson N: Prevalence of
allergic sensitization to indoor fungi in West Virginia.
Allergy Asthma Proc 2007;29:29–34.

8. Vesper S, McKinstry C, Ashley P, Haugland R, Yeatts K,
Bradham K, and Svendsen E: Quantitative PCR analysis of
molds in the dust from homes of asthmatic children in
North Carolina. J Environ Monit 2007;9:826–830.

9. Aspiroz C, Gene J, Rezusta A, Charlez L, and Summerbell
RC: First Spanish case of onychomycosis caused by
Chaetomium globosum. Med Mycol 2007;45:279–282.

10. Yu J, Yang S, Zhao Y, and Li R: A case of subcutaneous
phaeohyphomycosis caused by Chaetomium globosum and
the sequences analysis of C. globosum. Med Mycol 2006;44:
541–545.

11. Paterson PJ, Seaton S, Yeghen T, McHugh TD,
McLaughlin J, Hoffbrand AV, and Kibbler CC: Molecular
confirmation of invasive infection caused by Chaetomium
globosum. J Clin Pathol 2005;58:334.

12. Teixeira AB, Trabasso P, Moretti-Branchini ML, Aoki FH,
Vigorito AC, Miyaji M, Mikami Y, Takada M, and
Schreiber AZ: Phaeohyphomycosis caused by Chaetomium
globosum in an allogeneic bone marrow transplant recipi-
ent. Mycopathologia 2003;156:309–312.

13. Schmechel D, Simpson JP, Beezhold D, and Lewis DM:
The development of species-specific immunodiagnostics
for Stachybotrys chartarum: the role of cross-reactivity. J
Immunol Methods 2005;309:150–159.

14. Breitenbach M, Simon-Nobbe B, Probst G, Oberkofler H,
Ferreira F, Briza P, Achatz G, Unger A, Ebner C, Kraft D, and
Hirschwehr R: Enolases are highly conserved fungal aller-
gens. Int Arch Allergy Appl Immunol 1997;113:114–117.

15. Simon-Nobbe B, Probst G, Kajava AV, Oberkofler H,
Susani M, Crameri R, Ferreira F, Ebner C, and Breitenbach
M: IgE-binding epitopes of enolases, a class of highly
conserved fungal allergens. J Allergy Clin Immunol 2000;
106:887–895.

16. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W,
Lopez R, McWilliam H, Remmert M, Soding J, Thompson
JD, and Higgins DG: Fast, scalable generation of high-
quality protein multiple sequence alignments using Clustal
Omega. Mol Syst Biol 2011;7:539.

17. Goujon M, McWilliam H, Li W, Valentin F, Squizzato S,
Paern J, and Lopez R: A new bioinformatics analysis tools
framework at EMBL-EBI. Nucleic Acids Res 2010;38:
W695–699.

18. Nayak AP, Blachere FM, Hettick JM, Lukomski S,
Schmechel D, and Beezhold DH: Characterization of re-
combinant terrelysin, a hemolysin of Aspergillus terreus.
Mycopathologia 2011;171:23–34.

19. Laemmli UK: Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 1970;227:
680–685.

20. Green BJ, Cummings KJ, Rittenour WR, Hettick JM,
Bledsoe TA, Blachere FM, Siegel PD, Gaughan DM,
Kullman GJ, Kreiss K, Cox-Ganser J, and Beezhold DH:
Occupational sensitization to soy allergens in workers at a
processing facility. Clin Exp Allergy 2011;41:1022–1030.

21. Nayak AP, Green BJ, Friend S, and Beezhold DH: Devel-
opment of monoclonal antibodies to recombinant terrelysin
and characterization of expression in Aspergillus terreus.
J Med Microbiol 2012;61:489–499.

22. Kohler G, and Milstein C: Continuous cultures of fused
cells secreting antibody of predefined specificity. Nature
1975;256:495–497.

23. Kent UM: Purification of antibodies using ammonium
sulfate fractionation or gel filtration. Methods Mol Biol
1999;115:11–18.

24. Hurkman WJ, and Tanaka CK: Solubilization of plant
membrane proteins for analysis by two-dimensional gel
electrophoresis. Plant Physiol 1986;81:802–806.

25. Sundstrom P, and Aliaga GR: A subset of proteins found in
culture supernatants of Candida albicans includes the
abundant, immunodominant, glycolytic enzyme enolase. J
Infect Dis 1994;169:452–456.

26. Baldo BA, and Baker RS: Inhalant allergies to fungi: re-
actions to Bakers’ yeast (Saccharomyces cerevisiae) and
identification of bakers’ yeast enolase as an important al-
lergen. Int Arch Allergy Appl Immunol 1988;86:201–208.

27. Ito K, Ishiguro A, Kanabe T, Tanaka K, and Torii S: De-
tection of IgE antibody against Candida albicans enolase
and its cross-reactivity to Saccharomyces cerevisiae eno-
lase. Clin Exp Allergy 1995;26:522–528.

28. Nittner-Marszalska M, Wojcicka-Kustrzeba I, Bogacka E,
Patkowski J, and Dobek R: Skin prick test response to enzyme
enolase of the baker’s yeast (Saccharomyces cerevisiae)
in diagnosis of respiratory allergy. Med Sci Monit 2001;7:
121–124.

29. Ishiguro A, Homma M, Toril S, and Tanaka K: Identifi-
cation of Candida albicans antigens reactive with immu-
noglobulin E antibody of human sera. Infect Immun 1992;
60:1550–1557.

436 GREEN ET AL.



30. Ito K, Ishiguro A, Knabe T, Tanaka K, and Torii S:
Characterization of IgE binding epitopes on Candida al-
bicans enolase. Clin Exp Allergy 1995;25:529–535.

31. Sandini S, Melchionna R, Arancia S, Gomez MJ, and La
Valle R: Generation of a highly immunogenic recombinant
enolase of the human opportunistic pathogen Candida
albicans. Biotechnol Appl Biochem 1999;29:223–227.

32. Sundstrom P, and Aliaga GR: Molecular cloning of cDNA
and analysis of protein secondary structure of Candida
albicans enolase, an abundant, immunodominant glycolytic
enzyme. J Bacteriol 1992;174:6789–6799.

33. Sharma V, Gupta R, Jhingran A, Singh BP, Sridhara S, Gaur
SN, and Arora N: Cloning, recombinant expression and ac-
tivity studies of a major allergen ‘‘enolase’’ from the fungus
Curvularia lunata. J Clin Immunol 2006;26:360–369.

34. Lai HY, Tam MF, Chou H, Chang CY, Tsau JJ, and Shen
HD: cDNA cloning and immunological characterization of
a newly identified enolase allergen from Penicillium ci-
trinum and Aspergillus fumigatus. Int Arch Allergy Appl
Immunol. 2002;127:181–190.

35. Chang CY, Chou H, Tam M, Tang RB, Lai HY, and Shen
HD: Characterization of enolase allergen from Rhodotorula
mucilaginosa. J Biomed Sci 2002;9:645–655.

36. Benndorf D, Muller A, Bock K, Manuwald O, Herbath O,
and von Bergen M: Identification of spore allergens from
the indoor mould Aspergillus versicolor. Allergy 2008;63:
454–460.

37. Liu ZH, Yang Q, Hu S, Zhang JD, and Ma J: Cloning and
characterization of a novel chitinase gene (chi46) from
Chaetomium globosum and identification of its biological
activity. Appl Microbiol Biotechnol 2008;80:241–252.

38. Li W, Hu X, Zhang X, Ge Y, Zhao S, Hu Y, and Ashman
RB: Immunisation with the glycolytic enzyme enolase
confers effective protection against Candida albicans in-
fection in mice. Vaccine 2011;29:5526–5533.

39. Marcos CM, de Fatima da Silva J, de Oliveira HC, Moraes
da Silva RA, Mendes-Giannini MJ, and Fusco-Almeida
AM: Surface-expressed enolase contributes to the adhesion
of Paracoccidioides brasiliensis to host cells. FEMS Yeast
Res 2012;12:557–570.

40. Polidori E, Saltarelli R, Ceccaroli P, Buffalini M, Pierleoni
R, Palma F, Bonfante P, and Stocchi V: Enolase from the
ectomycorrhizal fungus Tuber borchii Vittad.: biochemical
characterization, molecular cloning, and localization. Fun-
gal Genet Biol 2004;41:157–167.

41. Foth BJ, Zhang N, Mok S, Preiser PR, and Bozdech Z:
Quantitative protein expression profiling reveals extensive
post-transcriptional regulation and post-translational mod-
ifications in schizont-stage malaria parasites. Genome Biol
2008;9:R177.

42. Machida M, Chang YC, Manabe M, Yasukawa M, Kuni-
hiro S, and Jigami Y: Molecular cloning of a cDNA en-
coding enolase from the filamentous fungus, Aspergillus
oryzae. Curr Genet 1996;30:423–431.

Address correspondence to:
Brett J. Green

Allergy and Clinical Immunology Branch
Health Effects Laboratory Division

National Institute for Occupational Safety and Health
Centers for Disease Control and Prevention

1095 Willowdale Road
M/S L-4020

Morgantown, WV 26505

E-mail: dox6@cdc.gov

Received: April 25, 2014
Accepted: June 18, 2014

PRODUCTION OF C. globosum MONOCLONAL ANTIBODY 437


