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Abstract

Increased susceptibility to allergies has been documented in the Western world in recent decades. However, a com-
prehensive understanding of its causes is not yet available. It is therefore essential to understand trends and mecha-
nisms of allergy-inducing agents, such as fungal conidia. In this study, we investigated the hypothesis that
environmental conditions linked to global atmospheric changes can affect the allergenicity of Aspergillus fumigatus, a
common allergenic fungal species in indoor and outdoor environments and in airborne particulate matter. We show
that fungi grown under present-day CO, levels (392 ppm) exhibit 8.5 and 3.5 fold higher allergenicity compared to
fungi grown at preindustrial (280 ppm) and double (560 ppm) CO, levels, respectively. A corresponding trend is
observed in the expression of genes encoding for known allergenic proteins and in the major allergen Asp f1 concen-
trations, possibly due to physiological changes such as respiration rates and the nitrogen content of the fungus, influ-
enced by the CO, concentrations. Increased carbon and nitrogen levels in the growth medium also lead to a significant
increase in the allergenicity. We propose that climatic changes such as increasing atmospheric CO, levels and changes

in the fungal growth medium may impact the ability of allergenic fungi such as A. fumigatus to induce allergies.
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Introduction

Increased susceptibility to allergies in the western world
in the last few decades has caused increased suffering,
higher medical expenses, and loss of working days
(Devereux, 2006). However, the reasons for this apparent
increase remain yet unclear (Bartra ef al., 2007). One
explanation offered is that the cleaner modern environ-
ment reduces the immune system’s exposure to
microbes, leading to a reduction in its efficacy (Romag-
nani, 2004). Alternatively, it was suggested that environ-
mental changes may result in physiological changes
affecting the potency of allergy-causing biological agents
(Cecchi et al., 2010; Wolf et al., 2010; Low et al., 2011;
Blando ef al., 2012; Pawankar et al., 2012). Qualitative
and quantitative changes in nutrient sources, tempera-
tures during growth, relative humidity, air pollution,
and other environmental factors could potentially lead
to changes in the physiology of allergenic plants and
microorganisms (e.g., fungal spores, pollen, animal
product etc), thus impacting the production of
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allergenic proteins. For example, changes in atmospheric
CO; levels can directly change the physiology and mor-
phological characteristics of fungi and spores, through
changes in the environmental acidity (Caldeira & Wickett,
2003; Oh & Richter, 2004), as well as in the respiration
rate (Fitter et al., 2000). Therefore, it is possible that
environmental changes may modify the allergenic
properties of the fungi as well. This can be caused by
either changes in fungal growth, accompanied by the
dispersal of different amount of allergy-inducing
spores, or by changes in the content of allergenic
proteins per spore (Low et al., 2011).

The rise in atmospheric CO, concentration is well doc-
umented (IPCC, 2007), and has been linked to changes in
both vegetation biomass and chemistry in many plant
species (Ainsworth & Long, 2005; De Graaff et al., 2006;
Taub et al., 2008; Hikosaka et al., 2010). The responses of
individual species to increased atmospheric CO, concen-
trations are variable, but often include higher total
biomass production (De Graaff et al., 2006) and higher
carbon-to-nitrogen (C : N) ratios of plant tissues (Taub &
Wang, 2008). Consequently, the carbon and nitrogen con-
tent of soils composed of decaying organic matter may
be modified as well. The elevated nitrogen concentrations
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due to intensive crop fertilization in agricultural areas
also contribute to changes in biomass nutrient composi-
tion (i.e., C : N ratio) (Ring et al., 2011). Previous studies
showed that climate change may influence these parame-
ters, impacting the future risk of chemicals and patho-
gens on human health (Boxall et al., 2008). Therefore,
primary consumers, including fungi that grow on living
or dead plant material, are likely to encounter changes in
substrate quality or quantity as global atmospheric CO,
levels and the extensive use of nitrogen-based fertilizers
rise (Reich et al., 2006), possibly leading to changes in
protein production rates and activity.

The fungus Aspergillus fumigatus is ubiquitous in many
environments with well-documented allergic (and
other) effects (Horner et al., 1995). This fungus grows on
decomposed biomass (Latgé, 1999), and its asexual coni-
dia (spores) contain different proteins, of which 23 can
induce allergic response in sensitized patients (Interna-
tional Union of Immunological Societies Allergen
Nomenclature Sub-Committee, 2008). We use this fungi
species as a proxy for outdoor allergenic fungal spores,
as it is ubiquitous in the atmosphere (Lang-Yona et al.,
2012) and other environments. In this study, we investi-
gated the changes in the allergenicity of A. fumigatus
spores due to increasing atmospheric CO, concentra-
tions. Both direct exposure to changing CO, levels dur-
ing spore growth and development, and growth in
media with a varying range of C : N ratios were consid-
ered. We determined the allergenicity of the spores
through two types of immunoassays. The first assay is a
general allergenicity test, in which allergens extracted
from A. fumigatus spores grown under different environ-
mental conditions were tested against a mixture of IgE
from sensitized patients. In addition, we used a specific
Asp fl-monoclonal IgE, for estimating the concentration
of the major allergenic protein Asp f1. We accompanied
these tests with expression analysis of genes that encode
for several selected allergenic proteins, and quantifica-
tion of the relative amount of these proteins.

On the basis of our results, we hypothesize that chang-
ing environmental conditions such as atmospheric CO,
levels due to global climate change, and the associated
C : N ratios in the growth medium, will impact protein
production rate and content in the fungal spores, lead-
ing to a subsequent changes in their allergenicity.

Materials and methods

Fungi growth conditions

To simulate environments with different atmospheric CO, lev-
els, a constant amount of A. fumigatus (ATCC, #34506) spores
was seeded on a rich growth media [potato-dextrose Agar,
Difco (Franklin Lakes, NJ, USA) with chloramphenicol,

100 mg 1Y Sigma-Aldrich (Rehovot, Israel)]. The fungi were
exposed to constant environmental conditions (i.e., 60% rela-
tive humidity, darkness, room temperature), with controlled
CO; levels (Gordon Gas Chemicals Ltd, Tel-Aviv, Israel) as
detailed in Table 1. The initial concentrated CO, was diluted
to the required treatment concentration using a dilution sys-
tem of N, gas controlled by mass flow controllers (MKS
instruments, Andover, MA, USA). The stabilized gas flow was
introduced into the condition-controlled chamber, where the
seeded agar plates were placed. The CO, concentration was
measured using a LI-6400 Photosynthesis System (Licor Inc.,
Lincoln, NE, USA).

A consistent amount of A. fumigatus (ATCC, #34506) was
grown on a synthetic medium with a defined amount of nutri-
ents (Czapek growth media with chloramphenicol, 100 mg 177
Sigma-Aldrich) allowing control on the carbon and nitrogen
(and hence the C : N ratio) during growth. Two approaches
were employed: (i) Changing the carbon (sucrose, C source)
concentrations, while keeping the nitrogen (Sodium Nitrate, N
source) concentration constant; and (ii) Changing the N source
concentrations, while keeping the C concentration constant.
The average C : N ratio which represents natural conditions in
decomposed organic mineral soils ranges from 9 : 1 to 12 : 1
(Cooke, 1968). We therefore chose 10 : 1 as a representative
ratio. The growth medium’s C : N ratio was further modified
to the following ratios: 5: 1,8 : 1,12 : 1,15 : 1, estimating past
and future conditions with respect to the change in CO,
concentration.

Protein extraction procedure

For both proteomic analysis and the immunoassays, proteins
were extracted as follows: Conidia from cultures grown on
PDA plates, exposed to different CO, concentrations, or on
Czapek media, with different C and N content, were har-

Table 1 The different CO, concentrations for each treatment
in the CO, chamber experiment

CO,
concentration

Treatment (ppm) Remarks

1 280 Preindustrial equivalent
concentration

2 325 Atmospheric CO; levels during
the year of 1968 (Tans, 2008)
Atmospheric CO; levels during
the year of 1993 (Keeling, 1999;
Tans, 2008)

Atmospheric CO; levels during
the year of 2010 (Keeling, 1999;
Tans, 2008)

Future prediction for the year of
2030 according to the A1F1
model (Johns et al., 2003)

Future prediction for the year of
2050 according to the A1F1

model (Johns et al., 2003)

3 360

4 392

5 450

6 560
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vested after 7 and 14 days of incubation, respectively, due to
lower growth rate in the Czapek medium. Harvesting was
performed using flocked, nylon fiber-tipped swabs (Copan
Diagnostics, Murrieta, CA, USA). The collected spores were
resuspended in 2 ml phosphate buffered saline with 0.05%
Tween 20, pH = 7.4 (PBS-T; Sigma-Aldrich), and the conidia
suspensions’ concentration was determined by direct counts
using a2 x 107> ml hemocytometer at x400 magnification.

Extraction of the conidial proteins was as previously described
(Low et al., 2011). The whole-conidium extract obtained was sub-
sequently used as the source for proteins that are responsible for
the allergenic reaction and that were studied here. Briefly, glass
beads were added to the 2 ml suspensions and spores were
lysed by bead beating (Mini Beadbeater-16; BioSpec, Bartlesville,
OK, USA) for 30 s. Lysed cells were centrifuged and the protein-
containing supernatant was collected and stored at —80 °C until
further analysis. Protein content was determined using the bi-
cinchoninic acid assay (BCA; Thermo Fisher Scientific, Waltham,
MA, USA) in accordance with the manufacturer’s protocol and
averaged for three replicates.

Immunoassay tests

The relative allergenicity immunoassay was performed as
described in Low et al. (2011) with some modifications. Briefly,
human serum samples from A. fumigatus-sensitized patients
(PlasmaLlab International, Everett, WA, USA) were pooled
before use. A 50 ul volume of both the fungal spore protein
extract from the different treatments, and the diluted pooled
serum were mixed in V96 MicroWell™ polypropylene Plates
(NUNC, Rockford, IL, USA), and incubated at room tempera-
ture on a plate shaker for 2 h. The mixtures were then trans-
ferred to MaxiSorpflat-bottom 96-well plates (NUNC) coated
with 46 ug ml™" of A. fumigatus spore extract and incubated for
an additional 2 h at room temperature, enabling binding of the
free IgE to the coating allergens. The amount of bound specific
IgE was determined by additional secondary antibody (horse-
radish peroxidase-conjugated mouse antihuman IgE, diluted
1 : 2000; SouthernBiotech, Birmingham, Al, USA) and chromo-
genic substrate (tetramethylbenzidine/peroxide substrate
color developer II), followed by colorimetric detection at a
wavelength of 450 nm (Synergy HT Multi-Mode Microplate
Reader; BioTek, Winooski, VT, USA). The relative allergenicity
of the spore extracts were defined by the following equation:

ODserum — ODsample

ODserum x 1000 (1)

Relative Allergenicity =

where ODserum is the optical density of the clean human serum
(with no spore sample addition), and ODsample is the optical
density of the human serum mixed with fungal spore sample.
The mean value of at least three replicates gives the allergenicity
for each treatment along with the associated standard error (SE).
Allergenicity per spore value was determined plotting the
observed allergenicity vs. spore concentration for each treatment.
In this study, we defined this parameter as the total allergenicity,
as it accounts for all allergenic proteins produced in a spore.

The concentration of the major allergenic protein Asp f1 per
spore was evaluated through immunoassay using a commer-
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cial ELISA kit (Indoor Biotechnology Ltd, cardiff, wales, UK),
according to the manufacturer’s protocol. In this assay, aller-
genic proteins extracted from the environmental samples or
standards are bound to a specific monoclonal IgE. The binding
signal is measured by the addition of colorimetric, enzyme-
labeled IgE antibodies. The optical density was measured at
405 nm, and the Asp f1 concentrations were calculated from a
calibration curve and normalized to the spore number of A. fu-
migatus for each treatment.

Gene expression analysis

Mycelia grown on PDA plates (Difco) under different CO,
concentrations, and on Czapek media, with different C : N
ratios, were collected after 48 h and 5 days of incubation,
respectively, due to lower growth rate in the Czapek medium.
The total RNA was extracted from ground cultures
(performed by a mortar and pestle, under liquid nitrogen)
using the RNeasy Plant Mini Kit (Qiagen, Germantown, MD,
USA) according to manufacturer’s protocol. RNA concentra-
tion was determined by measuring absorbance at 260 nm
(Nanodrop ND-1000 Spectrophotometer; Thermo Scientific,
Wilmington, DE, USA), and the purity and integrity of the
RNA were checked using A260/280 and A260/230 ratios from
the spectrophotometric readings.

About 1 ug of RNA from the different treatments was con-
verted into first-strand cDNA using the High-Capacity cDNA
Reverse Transcription Kits (Applied Biosystems, Grand Island,
NY, USA). The relative transcription levels of eight genes
[including six encoding for allergenic proteins, found to induce
allergy in more than 70% of A. fumigatus-sensitized patients
(International Union of Immunological Societies Allergen
Nomenclature Sub-Committee) (See Table S1)] were measured
using real-time PCR (RT-PCR, StepOnePlus™ Real-Time PCR
Systems; Applied Biosystems). The gene encoding for conidial
hydrophobin RodB (a cell wall structural protein involved in
the building of the conidial outer cell wall (Gautam et al., 2008))
was chosen as a control for the sporulation stage of the fungi.
Primer sets were designed and tested with the assistance of
online primer design software (Primer 3, Table S2). The reagent
Fast SYBR Green Master Mix (Applied Biosystems) was used,
and the thermocycling conditions included an initial denatur-
ation for 20 s at 95 °C, 40 cycles of 3 s denaturation at 95 °C,
and 30 s for annealing and extension at 60 °C. Three replicates
were carried out for each reaction, and negative no-RT-controls
were performed on the source RNA to verify the absence of
genomic DNA contamination. The endogenous reference gene
185 rRNA was used to normalize the quantity of RNA used,
and the relative transcript levels (fold change) between the two
sporulating cultures were determined using the 2~**“T method
(Livak & Schmittgen, 2001). The fold change was scaled for each
gene by the sum of all treatments’ change, termed as the relative
fold change.

Proteomic analysis — label-free targeted analysis by
selective reaction monitoring

Samples preparation included reduction of the extracted
proteins by addition of dithiothreitol (Sigma-Aldrich) to a final



2384 N.LANG-YONA etal.

concentration of 5 mm and incubation for 30 min at 60 °C, and
alkylated with 10 mm iodoacetamide (Sigma-Aldrich) in the
dark for 30 min at 21 °C. The proteins were then digested
using trypsin (Promega, Madison, WI, USA) at a ratio of 1 : 50
(w/w trypsin/protein) for 16 h at 37 °C. Digestions were
stopped by addition of 1% trifluroacetic acid. The samples
were stored in —80 °C in aliquots.

For the liquid chromatography analyses ULC/MS grade sol-
vents were used. Each sample was loaded using split-less
nano-Ultra Performance Liquid Chromatography (10kpsi
nanoAcquity; Waters Corp., Milford, MA, USA). Mobile phase
was as follows: (i) H,O +0.1% formic acid; and (ii) acetonitrile +
0.1% formic acid. Desalting of samples was performed online
using a reverse-phase C18 trapping column (180 ym i.d.,
20 mm length, 5 um particle size; Waters Corp.). The peptides
in samples were separated using a C18 T3 HSS nanocolumn
(75 pmi.d., 150 mm length, 1.8 um particle size; Waters Corp.)
at0.4 ul min~'. Peptides were eluted from the column and into
the mass spectrometer using the following gradient: 3-30% B in
30 min, 30-95% B in 5 min, maintained at 95% for 7 min, and
then back to initial conditions.

The mass spectrometry analyses were performed using
nanoLC, coupled online through a nanoESI emitter (7 cm
length, 10 mm tip; New Objective, Woburn, MA, USA) to a tan-
dem quadrupole mass spectrometer (Xevo TQ-S; Waters Corp.).
Data were acquired in selective reaction monitoring (SRM)
using Masslynx 4.1 (Waters Corp., Milford, MA, USA). A list of
all measured SRM transitions is detailed in the supporting
information. Data were then imported into Skyline software
(Maclean et al., 2010; Stergachis et al., 2011) for final processing
and evaluation. Quantification was based on the area under the
curve of extracted ion chromatogram from the most intense
transition per peptide. At least three overlapping SRM transi-
tions were acquired per peptide. For C-changed and N-changed
media, we were able to identify 14 and 20 proteins, respectively,
of the 23 known allergenic proteins of A. fumigatus.

Statistics

Data are presented as the mean & SE of the mean (SEM).
Statistical significance between groups was assessed using
ANOVA with a Dunnett’s post hoc test. P < 0.05 was set as the
threshold for significance.

Results

Direct exposure to varying CO, levels

To examine the possible effect of changing environmen-
tal CO, concentrations, we chose CO; levels representa-
tive of the preindustrial era (280 ppm CO,) up to
double that level (560 ppm). Figure 1 shows the total
allergenicity immunoassay results (Fig. 1a), Asp f1 con-
centrations (Fig. 1b), and PCR gene expression analyses
(Fig. 1c) performed for fungi that grew under different
CO, concentrations. The results indicate an increase in
A. fumigatus allergenicity when cultured in the presence

of CO, concentrations from preindustrial CO, levels
(280 ppm) to present CO; levels (392 ppm) followed by
moderate decrease in allergenicity for higher CO, con-
centrations, as predicted for future climate (Keeling,
1999; Tans, 2008). The change was observed at all levels
— from gene expression through protein abundance and
actual allergenicity.

Both the general allergenicity (Fig. 1a) and the spe-
cific Asp f1 titer (Fig. 1b) peak at approximately pres-
ent-day CO; level (392 ppm). For total allergenicity, the
value was not significantly different from that at
450 ppm value. However, the Asp f1 value at 392 ppm
was significantly higher compared with all other condi-
tions (P =0.0002). In the gene expression analysis
(Fig. 1c), the expression of six chosen allergen-encoding
genes, along with that of a gene encoding for nonaller-
genic spore-specific protein (Rod B) is presented. The
expression of the gene encoding for the Asp f1 protein
(nomenclatures are detailed in Table S1) also peaked
significantly at 392 ppm (P = 0.0007). All other aller-
genic encoding genes had maximum expression levels
at 360 ppm, with statistical significance for Asp f11, 18,
and 34 (P = 0.0015, 0.0087, and <0.0001, respectively).
Expression of the hydrophobin-encoding RodB gene
was significantly higher at 260 and 392 ppm when
compared with the other treatments (P = 0.0003). These
results suggest that allergenicity (measured in this
study per spore), as well as the sporulation efficiency is
modified by atmospheric CO, concentrations. How-
ever, the reduced expression values above 392 ppm
indicate an inhibitory effect that CO, can have on
production and/or accumulation of allergenicity and
sporulation factors by this fungus.

Exposure to a varying range of C : N ratios in the growth
media

As carbon and nitrogen concentrations and their ratio
can significantly affect fungal physiology and morphol-
ogy, we further examined the possible influence of
increased carbon source levels in the medium (due to
increasing atmospheric CO; levels on the growth envi-
ronment) on the allergenicity of A. fumigatus spores.

As can be seen in Fig. 2 (left panel), spores that grew
on media with various C concentrations showed a con-
sistent increase in the allergenicity values as the carbon
(and the C : N ratio) increased, with a significant differ-
ence observed between the 5 : 1 treatment (0.61 g 1
carbon) to 8 : 1 and 10 : 1 (0.98 and 1.23 g 1! carbon,
respectively), and between the last two treatments of
12:1 and 15:1 (1.47 and 1.84 g 1! carbon, respec-
tively, P =0.0219). The Asp fl immunoassay also
showed higher concentrations of this major allergen as
the C : N ratio increased (P = 0.0410). For experiments

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2381-2388
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Fig. 1 The effect of changing CO, concentrations on the total allergenicity per 10” spores of Aspergillus fumigatus (a), the major allergen
Asp f1 concentration in ng per 107 spores (b), and the gene expression by RT-PCR (c). The error bars represent the SE of the mean.

in which N was changed in the medium (Fig. 2, right
panel), the allergenicity assay showed significantly
higher values for the highest nitrogen concentrations
(5 : 1 treatment, 10.16 g 1! Nitrogen) compared with
the others (P = 0.0273), and in the Asp f1 assay, 5 : 1 and
8:1 (6.35 g 1! Nitrogen) treatments had significantly
higher values compared with the others (P = 0.0047).
The observed changes in allergenicity are also
reflected at the various stages of allergen gene
expression. Similar to the experiments with varying
CO; levels, we investigated the relative gene transcrip-
tion using RT-PCR, presented in Fig. 3. Higher gene
expression levels were observed for growth under
increasing carbon concentrations. The expression of the
Asp f1 gene positively correlated with increasing car-
bon concentrations in the growth medium, and a signif-
icantly higher value was detected for 15 : 1 treatment
compared with the others (P = 0.0006). The gene
expression of all other allergenic proteins, including
hydrophobin Rod B but excluding Asp 34, peaked at

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2381-2388

the 12 : 1 ratio. Asp f34 did not change significantly
with respect to changes in carbon concentration. No
significant trend could be identified for Asp f1, 5, 34,
and Rod B genes (P = 0.4726, 0.9518, 0.0745, and 0.8136,
respectively) for fungi grown under varying nitrogen
concentrations. A significant decrease was observed in
the 15 : 1 treatment (3.39 g 17" Nitrogen) for Asp f5, 11,
18, and 27.

In light of the N-altered medium results, suggesting
that the observed increase in allergenicity for higher
nitrogen concentrations may not be controlled at
the transcription level, we performed proteomic
analyses for the allergenic proteins in the experiments
with varying C : N ratios. As can be seen in Fig. 4, for
C-changed medium, all allergenic proteins reached the
highest levels at the 15:1 treatment (0.84 g1
carbon), consistent with the allergenicity test. Asp fl
protein showed a clear positive trend as the carbon
levels increased, although not statistically significant at
a 95% confidence threshold (P = 0.0711). For N-changed
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Fig. 2 The effect of changing carbon and nitrogen concentrations on the total allergenicity per 10” spores (a), and the major allergen
Asp f1 concentration in ng 10~7 spores (b) for: C-changed media (left panel), and N-changed media (right panel). The error bars repre-

sent the SE of the mean.

media, we could not identify a consistent trend of an
increase in the relative amounts of proteins with
increasing nitrogen concentration, excluding the case
of Asp f1, which showed significantly higher relative
amounts for the 5:1, 8:1, and 12:1 treatments
(P = 0.0284), similar to the trend observed in the Asp
f1 ELISA results.

Discussion

Aspergillus fumigatus conidia grown at varying CO, con-
centrations showed a consistent behavior of higher
allergenicity values as well as Asp f1 concentrations for
present-day CO, concentration (392 ppm) compared
with preindustrial levels. These findings were further
supported by the genomic analysis of the Asp f1 gene.
The Asp 5, 11, and 27 genes showed insignificant dif-
ference between 360 and 392 ppm levels, compared to
Asp f18 and 34, which showed significant peak at lower
CO; level of 360 ppm, decreasing at the higher CO,
concentrations. This difference between the immunoas-
says and some of the expressed genes may be attributed
to the dominance of Asp fl protein that reached the
highest allergenic activity at the level of 392 ppm CO,.
It is apparent that there is an optimal CO, level for the
allergenicity of A. fumigatus at ca. 400 ppm. The optimal
condition may be attributed to different mechanisms,
such as an increase in the growth medium acidity, or
changes in the fungus respiration rates, nutrient
production etc. Koizumi ef al. (1991) reported decrease
in the respiration rates of soil microbial populations

. Asp T
B Asp 5
1 Aspfll
B Asp 18
0.8 Asp 27 T
B Asp f 34
1 Rod B

Carbon-changed media

Relative fold change

Concentration (gl Ty 061 .98 1.23 1.47 1.54
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=
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=
=
]
g
= 024
=
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Concentration (g 1”") 3.39 4.23 5.08 6.35 10.16
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Fig. 3 The relative gene expression of selected Aspergillus fumig-
atus allergenic proteins due to changing carbon and nitrogen
concentrations in the growth medium. The error bars represent
the SE of the mean.
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Carbon-changed media

Asp fl 0.283 0.607 0.902 0.999 1.000
Asp f5 0.766 0.772 0.346 0.418 1.000
Asp f11 0.270 0.382 0.270 0.355 1.000

Asp f18 0.221 0.545 0.647 0.619 1.000
Asp 34 0.346 0.852 0.459 0.918 1.000

Concentration (g I"!) 0.61 0.98 1.23 1.47 1.84
C:N ratio (5:1) 8:1) 10:1)  (12:1) (15:1)

Nitrogen-changed media

Asp f1 0.344 0.698 0.502 0.694 1.000
Asp f5 0.374 0.908 0.842 0.609 1.000
Asp f11 1.000 0.850 0.777 0.635 0.914

Asp f18 0.660 0.724 1.000 0.608 0.943
Asp 27 0.364 0.770 1.000 0.602 0.785
Asp 34 0.587 0.690 1.000 0.602 0.480

Concentration (g 1) 3.39 423 5.08 6.35 10.16
C:N ratio 151 (12:1) (10:1) (8:1) (5:1)

0 0.2 0.4 0.6 0.8 1

Relative increase in protein concentration

Fig. 4 The relative amount of main allergenic proteins per
spore in both carbon and nitrogen changing concentration treat-
ments.

(including filamentous fungi) exposed to elevated CO,
levels, possibly leading to a general decrease in the
growth and buildup of fungal biomass. An additional
physiological process was observed by Cotrufo et al.
(1998), who demonstrated a significant reduction in the
nitrogen content of plant tissues with increasing ambi-
ent CO, concentrations. This probably affects the fugal
protein production, including the allergenic ones. On
the basis of these observations, we conclude that expo-
sure to elevated CO, levels may lead to a reduction in
allergenicity due to physiological processes in the fun-
gus. However, it is noted that the allergenicity of fungi
growing under these high CO; levels is still higher than
for those that grew under preindustrial CO, levels.

Although it was hypothesized that global change may
affect the allergenicity of A. fumigatus by modifying
C : N ratios in the growth medium (soil, plants), our
results suggest that it is rather the absolute concentration
of carbon and nitrogen in the growth media that governs
this mechanism rather than the C : N ratio itself.

Higher carbon concentrations in the growth medium
linearly correlated with increasing allergenic activity of
the conidia. This trend was supported by the gene
expression and the proteomic results as well, suggesting
that a future rise in CO, concentrations may lead to an
increase in A. fumigatus’s allergenicity due to higher car-
bon consumption.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2381-2388

The different response of allergenic proteins when
exposed to elevated atmospheric CO, levels compared
with increasing carbon concentration in the growth
medium can be qualitatively combined to estimate the
influence of the total carbon increase during fungal
growth on the allergenicity. The increase in the aller-
genicity of A. fumigatus with increasing carbon concen-
trations could partially explain the wider phenomenon
of increase in allergy cases.

Elevated nitrogen concentrations in the growth med-
ium (possibly due to agricultural land use and fertiliza-
tion use changes) also lead to an increase in the total
allergenicity and, specifically, the Asp f1 protein. As no
significant change in Asp fl gene transcription was
observed, an increase in the abundance of the protein
suggests that this process is not controlled at the tran-
scription level. Regulation of allergenic genes at the
transcription level may not always be a prerequisite for
increases in allergenicity. Protein concentrations are
commonly regulated during translation and allergenic
proteins can also undergo posttranslational modifica-
tion in the environment (Franze ef al., 2005). The study
of translational regulation and posttranslational modifi-
cation was not within the scope of these experiments,
however, it is noted that such effects are potentially
fruitful areas of further research for attempting to
understand how the environment impacts allergenicity.
There was an inconsistency between the appearance of
allergenic proteins in the proteomic analysis and the
immunoassays results, although the Asp f1 protein did
increase with increased nitrogen concentrations in the
medium. This could be explained by a quantitative
increase in the main allergenic protein (e.g., Asp f1),
which, in this case, is the dominant contributor for the
allergenicity increase.

We observed a correlation between the expression of
RodB and the allergenic proteins, both when atmo-
spheric CO, levels were increased and when increasing
carbon concentration in the growth medium. This may
indicate that in addition to the allergenicity, spore pro-
duction itself is also influenced by changes in CO, and
higher carbon concentrations in the growth medium.
Wolf et al. (2010) reported similar trends of increased
sporulation of A. alternata at higher carbon concentra-
tions in the growth medium. These results may indicate
that changes in atmospheric CO, levels will have a
combined effect of both changes in sporulation and in
the allergenicity per spore.

The results of this study suggest that environmental
changes such as elevated CO, concentrations and
anthropogenic changes that modify the carbon and
nitrogen content of the growth media can modify
protein production in the fungus A. fumigatus quantita-
tively and structurally, influencing the allergenicity of
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this species. We suggest with caution that the increased
allergenicity identified here may partially explain the
increase in allergies observed in the last few decades
and that such changes and their consequent health
effects may also be observed in other pathogens.

Acknowledgements

This research was partially funded by a research grant from the
Weizmann Institute — Yale University Exchange Program and
by a grant from the Israeli Science Foundation (grant # 913/12).
Y. R. acknowledges support by the Helen and Martin Kimmel
Award for Innovative Investigation. N. L.-Y. was supported by
the Environmental Health Fund, Israel (EHF Project Number:
RGA 0803). We would like to acknowledge Dr. Alexandra
Gabashvili, Weizmann Institute of Science, for her work and
input in the proteomic analysis, Dr. Yoav Barak, Weizmann
Institute of Science, for his assistance and support in the biologi-
cal analysis.

References

Ainsworth EA, Long SP (2005) What have we learned from 15 years of free-air CO,
enrichment (FACE)? A meta-analytic review of the responses of photosynthesis,
canopy properties and plant production to rising CO,. New Phytologist, 165,
351-372.

Bartra J, Mullol J, Del Cuvillo A et al. (2007) Air pollution and allergens. Journal of
Investigational Allergology and Clinical Immunology, 17, 3-8.

Blando J, Bielory L, Nguyen V, Diaz R, Jeng HA (2012) Anthropogenic climate change
and allergic diseases. Atmosphere, 3, 200-212.

Boxall ABA, Hardy A, Beulke S et al. (2008) Impacts of climate change on indirect
human exposure to pathogens and chemicals from agriculture. Environmental
Health Perspectives, 117, 743-756.

Caldeira K, Wickett ME (2003) Oceanography: anthropogenic carbon and ocean pH.
Nature, 425, 365.

Cecchi L, D’amato G, Ayres JG et al. (2010) Projections of the effects of climate change
on allergic asthma: the contribution of aerobiology. Allergy, 65, 1073-1081.

Cooke WB (1968) Carbon/nitrogen relationships of fungus culture media. Mycopatho-
logia, 34, 305-316.

Cotrufo MF, Ineson P, Scott A (1998) Elevated CO, reduces the nitrogen concentration
of plant tissues. Global Change Biology, 4, 43-54.

De Graaff M-A, Van Groenigen K-J, Six J, Hungate BA, Van Kessel C (2006) Interac-
tions between plant growth and soil nutrient cycling under elevated CO,: a meta-
analysis. Global Change Biology, 12, 2077-2091.

Devereux G (2006) The increase in the prevalence of asthma and allergy: food for
thought. Nature Reviews Immunology, 6, 869.

Fitter AH, Heinemeyer A, Staddon PL (2000) The impact of elevated CO, and global
climate change on arbuscular mycorrhizas: a mycocentric approach. New Phytolo-
gist, 147, 179.

Franze T, Weller MG, Niessner R, Poschl U (2005) Protein nitration by polluted air.
Environmental Science & Technology, 39, 1673-1678.

Gautam P, Shankar J, Madan T et al. (2008) Proteomic and transcriptomic analysis of
Aspergillus fumigatus on exposure to amphotericin B. Antimicrobial Agents and
Chemotherapy, 52, 4220-4227.

Hikosaka K, Kinugasa T, Oikawa S, Onoda Y, Hirose T (2010) Effects of elevated CO,
concentration on seed production in C3 annual plants. Journal of Experimental
Botany, 62, 1523-1530.

Horner WE, Helbling A, Salvaggio JE, Lehrer SB (1995) Fungal allergens. Clinical
Microbiology Reviews, 8, 161-179.

International Union of Immunological Societies Allergen Nomenclature Sub-Commit
tee. Official list of Aspergillus fumigatus allergens. Available at: http://www.
allergen.org/ Allergen.aspx (accessed December 2012).

IPCC (2007). Climate Change 2007: Synthesis Report. In: Contribution of Working
Groups I, I and 1II to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change (eds Core Writing Team, Pachauri RK, Reisinger A), pp. 104. IPCC,
Geneva, Switzerland.

Johns TC, Gregory JM, Ingram W]J et al. (2003) Anthropogenic climate change for
1860 to 2100 simulated with the HadCM3 model under updated emissions scenar-
ios. Climate Dynamics, 20, 583-612.

Keeling R (1999). Scripps Institution of Oceanography. Available at: scrippsco2.ucsd.
edu/ (accessed December 2012).

Koizumi H, Nakadai T, Usami Y, Satoh M, Shiyomi M, Oikawa T (1991) Effect of car-
bon dioxide concentration on microbial respiration in soil. Ecological Research, 6,
227.

Lang-Yona N, Dannemiller K, Yamamoto N, Burshtein N, Peccia J, Yarden O, Rudich
Y (2012) Annual distribution of allergenic fungal spores in atmospheric particulate
matter in the Eastern Mediterranean; a comparative study between ergosterol and
quantitative PCR analysis. Atmospheric Chemistry and Physics, 12, 2681-2690.

Latgé JP (1999) Aspergillus fumigatus and aspergillosis. Clinical Microbiology Reviews,
12, 310.

Livak K, Schmittgen T (2001) Analysis of relative gene expression data using real-
time quantitative PCR and the 272CT method. Methods, 25, 402-408.

Low SY, Dannemiller K, Yao M, Yamamoto N, Peccia J (2011) The allergenicity of
Aspergillus fumigatus conidia is influenced by growth temperature. Fungal
Biology, 115, 625.

Maclean B, Tomazela DM, Shulman N et al. (2010) Skyline: an open source document
editor for creating and analyzing targeted proteomics experiments. Bioinformatics,
26, 966-968.

Oh N-H, Richter DD (2004) Soil acidification induced by elevated atmospheric CO.
Global Change Biology, 10, 1936.

Pawankar R, Canonica GW, Holgate ST, Lockey RF (2012) Allergic diseases and
asthma: a major global health concern. Current Opinion in Allergy and Clinical
Immunology, 12, 39-41.

Reich PB, Hungate BA, Luo YQ (2006) Carbon-nitrogen interactions in terrestrial eco-
systems in response to rising atmospheric carbon dioxide. Annual Review of Ecology
and Systematics, 37, 611-636.

Ring E, Jacobson S, Hogbom L (2011) Long-term effects of nitrogen fertilization on
soil chemistry in three Scots pine stands in Sweden. Canadian Journal of Forest
Research, 41, 279.

Romagnani S (2004) The increased prevalence of allergy and the hygiene hypothesis:
missing immune deviation, reduced immune suppression, or both? Immunology,
112, 352-363.

Stergachis AB, Maclean B, Lee K, Stamatoyannopoulos JA, Maccoss MJ (2011) Rapid
empirical discovery of optimal peptides for targeted proteomics. Nature Methods,
8,1041-1043.

Tans P (2008). NOAA/ESRL. Available at: www.esrl.noaa.gov/gmd/ccgg/trends/
(accessed December 2012).

Taub DR, Wang X (2008) Why are nitrogen concentrations in plant tissues lower
under elevated CO,? A critical examination of the hypotheses. Journal of Integrative
Plant Biology, 50, 1365-1374.

Taub DR, Miller B, Allen H (2008) Effects of elevated CO, on the protein concentra-
tion of food crops: a meta-analysis. Global Change Biology, 14, 565-575.

Wolf J, O'neill NR, Rogers CA, Muilenberg ML, Ziska LH (2010) Elevated atmo-
spheric carbon dioxide concentrations amplify Alternaria alternata sporulation
and total antigen production. Environmental Health Perspectives, 118, 1223-1228.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1. Genes used for RT-PCR assays.
Table S2. Primer sets used in the RT-PCR analysis.
Table S3. Peptides detected in the proteomic analysis.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2381-2388



