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RESEARCH ARTICLE

The Fungal Pathogen Aspergillus fumigatus Regulates Growth,
Metabolism, and Stress Resistance in Response to Light

Kevin K. Fuller,2 Carol S. Ringelberg, Jennifer J. Loros,P Jay C. Dunlap?

Department of Genetics, Geisel School of Medicine, Dartmouth College, Hanover, New Hampshire, USA?; Department of Biochemistry, Geisel School of Medicine,
Dartmouth College, Hanover, New Hampshire, USA®

ABSTRACT Light is a pervasive environmental factor that regulates development, stress resistance, and even virulence in numer-
ous fungal species. Though much research has focused on signaling pathways in Aspergillus fumigatus, an understanding of how
this pathogen responds to light is lacking. In this report, we demonstrate that the fungus does indeed respond to both blue and
red portions of the visible spectrum. Included in the A. fumigatus light response is a reduction in conidial germination rates,
increased hyphal pigmentation, enhanced resistance to acute ultraviolet and oxidative stresses, and an increased susceptibility to
cell wall perturbation. By performing gene deletion analyses, we have found that the predicted blue light receptor LreA and red
light receptor FphA play unique and overlapping roles in regulating the described photoresponsive behaviors of A. fumigatus.
However, our data also indicate that the photobiology of this fungus is complex and likely involves input from additional photo-
sensory pathways beyond those analyzed here. Finally, whole-genome microarray analysis has revealed that A. fumigatus
broadly regulates a variety of metabolic genes in response to light, including those involved in respiration, amino acid metabo-
lism, and metal homeostasis. Together, these data demonstrate the importance of the photic environment on the physiology of
A. fumigatus and provide a basis for future studies into this unexplored area of its biology.

IMPORTANCE Considerable effort has been taken to understand how the mold pathogen Aspergillus fumigatus senses its environ-
ment to facilitate growth within the immunocompromised host. Interestingly, it was shown that the deletion of a blue light pho-
toreceptor in two divergent fungal pathogens, Cryptococcus neoformans and Fusarium oxysporum, leads to an attenuation of
virulence in their respective animal infection models. This suggests that light signaling pathways are conservatively involved in
the regulation of fungal pathogenesis. However, an understanding of whether and how A. fumigatus responds to light is lacking.

Here we demonstrate that this organism coordinates broad aspects of its physiology with the photic environment, including
pathways known to be involved in virulence, such as carbohydrate metabolism and oxidative stress resistance. Moreover, the
photoresponse of A. fumigatus differs in notable ways from the well-studied model Aspergillus nidulans. Therefore, this work
should represent a general advancement in both photobiology and A. fumigatus research communities.
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pecies from essentially all branches of life gain important en-

vironmental information through the perception of light.
Though vertebrate vision serves as the most dramatic example,
microorganisms have also evolved photosensory systems that are
capable of detecting both quantitative and qualitative changes in
light. Information about the photic environment can then be used
as an indicator for both time and space to drive adaptive and
developmental decisions. In fungi, for example, the presence of
light may signal the soil/air interface for optimal spore dispersal,
high temperature, and the presence of genotoxic ultraviolet (UV)
radiation (1, 2). In some fungal species, the light signal serves to
cue the organism’s internal timekeeping system, the circadian
clock, to anticipate predictable daily environmental fluctuations
(3-6).

Although the influence of light on fungal development has
been reported for many species, the molecular basis for photore-
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ception is best characterized in the model ascomycete Neurospora
crassa. In this mold, light promotes asexual development (conidi-
ation), protoperithecial formation, the direction of ascospore re-
lease, and carotenoid pigment production (7, 8). All of these pho-
toresponses appear to be mediated by blue light only, which is
detected by the White Collar-1 (WC-1) photoreceptor. WC-1isa
Zn finger transcription factor that contains a specialized PAS (Per-
Ant-Sim) domain, called the LOV domain (light-oxygen-
voltage), which binds flavin adenine dinucleotide (FAD) as the
photon-absorbing chromophore (9, 10). WC-1 interacts with an-
other Zn finger protein, WC-2, to form a transcriptional regulator
called the White Collar complex (WCC), which either directly or
indirectly influences the expression of nearly 6.0% of the N. crassa
genome after exposure to light (8, 9, 11-13). N. crassa expresses
additional putative photoreceptor genes, including an opsin, two
phytochromes, a cryptochrome, and the small LOV domain pro-
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tein called VVD; however, only deletion of the wc-1 or we-2 gene
leads to an inability of the organism to respond to light (12, 14—
18). With orthologs found in all major fungal divisions, including
the Chytridiomycetes, the white collar proteins are the most evo-
lutionarily conserved photoreceptors in the Mycota (19, 20).

Beyond environmental adaptation, there are intriguing reports
suggesting that photoreception pathways may also influence the
virulence potential of pathogenic fungal species. Deletion of the
we-1 ortholog in both the basidiomycete yeast Cryptococcus neo-
formans and the ascomycete mold Fusarium oxysporum results in
an attenuation of virulence in their respective murine infection
models (21, 22). Taken at face value, these data suggest that these
organisms are capable of detecting light in vivo, through WC-1, to
induce cellular pathways involved in virulence. Alternatively, the
WCC may be regulating virulence genes in the dark. In either case,
the WCC, and potentially other photosensory systems, may rep-
resent novel virulence-associated pathways across a variety of fun-
gal species.

Among fungi with a WC-1 ortholog is Aspergillus fumigatus,
which has emerged as the predominant mold pathogen of immu-
nocompromised patients. Even with the use of antifungal agents,
the mortality rates associated with invasive aspergillosis remain
around 50%, thus making the development of novel treatment
strategies imperative (23, 24). Current data suggest that the patho-
genic potential of A. fumigatus is a polygenic trait derived from its
evolution as a competitive member of the compost ecosystem.
Stresses within this niche to which the fungus must respond are
similar to those found in the mammalian lung, including high
temperatures, nutritional limitation, hypoxia, and oxidative stress
(25-27). Given the data from C. neoformans and F. oxysporum, itis
tempting to speculate that light also serves as an important envi-
ronmental factor that drives the expression of virulence determi-
nants in this pathogen. However, despite the intensive studies that
have been undertaken with this organism over the past several
decades, a detailed description of a photoresponse in A. fumigatus
is lacking.

In contrast to A. fumigatus, Aspergillus nidulans is a rarely
pathogenic member of the aspergilli and has recently emerged as a
model for fungal photobiology, along with N. crassa. In A. nidu-
lans, light induces asexual sporulation while concurrently down-
regulating sexual development and secondary metabolism (28).
Unlike N. crassa, A. nidulans overtly responds to both blue and red
portions of the visible spectrum through a variety of photorecep-
tor proteins. For blue light sensing, A. nidulans utilizes not only a
WC-1homolog, called LreA, but also a photolyase/cryptochrome,
CryA, that also binds to FAD (29). For the detection of red light,
A. nidulans employs a phytochrome, called FphA, that binds the
bilin tetrapyrole as a chromophore. Unlike WC-1/LreA, phyto-
chromes are not transcription factors but instead are presumed to
regulate the activity of interacting proteins through a conserved
kinase domain (30). Interestingly, the blue and red light sensory
pathways interact both genetically and physically in A. nidulans, as
LreA and FphA form a photoreceptor complex that also contains
LreB (the homolog of N. crassa WC-2) and the developmental
regulator Velvet A (VeA) (31, 32). Therefore, the molecular basis
for light perception is considerably more complex in A. nidulans
than in N. crassa, involving the integration of qualitatively distinct
light inputs via multiple photosensory pathways.

Notably, the quality of the light response appears to vary con-
siderably between fungal species, even between those of the same
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genus. For example, light serves as a repressor of sexual develop-
ment in Aspergillus oryzae, opposite to that of A. nidulans (33). As
such, photoreceptor components may be conserved from species
to species yet are connected into signaling pathways differently
such that photobiological characterizations in one organism may
offer little predictive value for another organism.

We have undertaken a detailed investigation of the photobiol-
ogy of A. fumigatus and have found that it is indeed a light-
responsive organism. Blue and red wavelengths of light display
independent and synergistic influences on growth rate, germina-
tion kinetics, hyphal pigmentation, cell wall homeostasis, and
acute UV and oxidative stress responses. In addition, whole-
genome microarray analysis has revealed a broad influence of light
on central metabolism. The blue and red light responses, in part,
are dependent on the WC-1/LreA homolog and a phytochrome,
respectively; however, the data clearly implicate the involvement
of additional photoreceptors that participate in a complex photo-
system. Taken together, this work provides new insight into A. fu-
migatus growth and developmental regulation and represents new
avenue of research for this important pathogen.

RESULTS

The A. fumigatus genome contains orthologs of conserved blue
and red light photoreceptors. We first sought to identify putative
photoreceptor genes in A. fumigatus. Essentially all fungi with a
characterized photoresponse can sense blue light through a con-
served GATA transcription factor, the first member of which is the
N. crassa WC-1 (20). BLAST analysis of the A. fumigatus (Af293)
genome with the A. nidulans WC-1 ortholog LreA revealed a sin-
gle ortholog (AFUA_3G05780), the predicted sequence of which
is 851 residues and displays 52% identity to A. nidulans LreA and
45% identity to WC-1 of N. crassa. The A. fumigatus LreA is pre-
dicted to contain all conserved functional domains of the WC-1/
LreA orthologs, including a LOV domain for chromophore bind-
ing, two additional PAS domains, and a C-terminal nuclear
localization signal (NLS) motif followed by a Zn finger DNA bind-
ing domain (Fig. 1A). Notably, both Aspergillus LreA proteins lack
the N- and C-terminal polyglutamine (poly-Q) stretches found in
strain WC-1; however, the poly-Q regions appear not to be essen-
tial for WC-1 functionality (B. Wang, J. J. Loros, and J. C. Dunlap,
unpublished data).

Putative red light-sensing phytochromes can be found in the
genomes of both ascomycetes and basidiomycetes; however, only
FphA of A. nidulans has been shown to function in a fungal bio-
logical response to red light (30, 34). The A. fumigatus genome
contains two putative FphA orthologs AFUA_4G02900 and
AFUA_6G09260. Both proteins contain all the predicted features
for a functional phytochrome, including the N-terminal sensory
region (composed of PAS, GAF [cGMP-specific phosphodies-
terases, adenylyl cyclases, and FhlA], and PHY [phytochrome]
domains) for bilin binding and the C-terminal output domains
(composed of the histidine kinase, ATPase, and response regula-
tory domains) for signal transmission (Fig. 1A and data not
shown) (1). Because AFUA_4G02900 demonstrates 56.3%
identity to A. midulans FphA (versus 39.5% identity for
AFUA_6G09260), we will refer to this protein as A. fumigatus
FphA for continuity. Consequently, we will refer to the second
paralog as FphB.

In N. crassa, the we-1 message is increased upon exposure to
light (35). To determine whether such regulation is conserved in
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FIG 1 Characterization of the LreA and FphA photoreceptors in A. fumiga-
tus. (A) Cartoon depiction of the domain architectures for the WC-1/LreA and
phytochrome proteins in N. crassa, A. nidulans, and A. fumigatus. The A. fu-
migatus models are based upon the predicted protein sequences found in Gen-
Bank. Relative differences in protein length (aa, amino acids) and domain
separation are depicted but are not shown to scale. Domain functions are
described in the text. p-Q, polyglutamine stretch; Zn, zinc finger domain; HK,
histidine kinase; ATP, ATPase; RRD, response regulator domain. (B) qRT-
PCR analysis of IreA and fphA from a representative time course experiment.
Bars reflect the 274ACT values relative to the 0-min time point (plus standard
deviations [SD] [error bars] of 3 technical replicates). (C) (Top) Split-marker
deletion strategy of IreA and fphA. The IreA and fphA genes were replaced with
hph (hygromycin resistance) for the single deletion mutants. The fphA gene
was replaced with bleR (phleomycin/bleomycin resistance) in the AlreA back-
ground to generate the double mutant. (Bottom) RT-PCR demonstrating the
expected loss of transcript(s) in the respective deletion strains.

A. fumigatus, we grew the wild-type (WT) A. fumigatus strain
Af293 in constant darkness for 48 h and then harvested samples 0,
15, 30, 60, or 120 min after transfer to white light, as depicted in
Fig. S5 in the supplemental material. Quantitative reverse
transcription-PCR (qRT-PCR) revealed that IreA transcript was
indeed potently induced following illumination, thereby demon-
strating that A. fumigatus can respond to light at the level of gene
expression (Fig. 1B). In contrast to IreA, neither fphA nor fphB
demonstrated a light-dependent induction in A. fumigatus
(Fig. 1B and data not shown), which is consistent with the phyto-
chrome orthologs (phy-1/phy-2) in N. crassa (15). Notably, the
transcriptional regulation of IreA and fphA genes in A. nidulans
has not been specifically reported, and neither one of these two
genes were among the light-induced genes detected by microarray
(36).

The IreA and fphA genes were chosen for our initial functional
analyses in A. fumigatus on the basis of their close homology to
known functional photoreceptors in other species. The corre-
sponding open reading frames were replaced with genes for either
hygromycin or phleomycin resistance in the Af293 background
(Fig. 1C). Furthermore, WT copies of IreA and fphA genes were
introduced into their respective deletion strain to confirm their
involvement in any observed mutant phenotypes (see Fig. S1 in
the supplemental material). In addition to the single deletion mu-
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tants, an IreA fphA double deletion mutant was also generated to
discern functional interactions between the two genes. The iso-
genic WT, deletion, and reconstituted (R’) strains were then ana-
lyzed for various photobiological behaviors.

Light has a weak inhibitory influence on asexual develop-
ment and growth rate in A. fumigatus. We began by comparing
colonial characteristics of A. fumigatus cultures grown in either
constant darkness or constant illumination. In stark contrast to
A. nidulans, which requires light to induce conidiation (37), A. fu-
migatus efficiently produced conidia irrespective of the photic en-
vironment. In fact, quantitation actually revealed a small but sig-
nificant reduction in total conidia on light-grown A. fumigatus
plates (see Fig. S2 in the supplemental material). Conidiation ap-
peared unaffected in the AlreA, AfphA, and AlreA AfphA mutants,
suggesting that LreA and FphA are not major regulators of asexual
development in A. fumigatus (data not shown). In summary, the
requirement for light in establishing asexual developmental com-
petence appears not to be conserved between A. fumigatus and
A. nidulans.

The radial growth rate of A. fumigatus was also slightly reduced
in the presence of white light, relative to the fungus grown in the
dark (see Fig. S2 in the supplemental material). Treatment with
monochromatic blue or red light was unable to affect growth rate
to the extent of white light or dichromatic treatment with red and
blue light. Moreover, both the AlreA and AfphA mutants demon-
strated a partial derepression of growth rate in light (Fig. S3),
suggesting that LreA and FphA are directly involved in the re-
sponse and function in an interdependent manner.

Light induces hyphal pigmentation in an IreA-dependent
manner. The most obvious effect of light on A. fumigatus was the
regulation of hyphal pigmentation. Colonies grown in the pres-
ence of constant white or blue light were drastically more pig-
mented than those cultures kept in constant darkness. Colonies
treated with red light alone, however, were indistinguishable from
cultures grown in the dark, suggesting a specific influence of blue
light on this phenotype (Fig. 2A). Strikingly, when the fungus was
cultured in an alternating 12-h light/12-h dark photocycle, corre-
sponding rings of pigmented and nonpigmented hyphae were
formed (Fig. 2A). This indicates that the subapical (older) hyphal
regions were no longer responsive to light but were instead termi-
nally differentiated to be pigmented or nonpigmented based on
the light environment when those regions represented the apical
growth front. The widths of the pigmented bands (light phase)
were notably smaller than the widths of the nonpigmented bands
(dark phase), which can likely be attributed to reduced concentra-
tion of pigments at the edge of the zone due to diffusion and/or
reduced growth rate of the fungus during the light phase. In addi-
tion, A. fumigatus may undergo photoadaptation, a negative-
feedback response in which light ultimately leads to the repression
of light-induced genes (38, 39). If photoadaptation does take
place, A. fumigatus may not produce hyphal pigments during the
entire light phase.

The ability of white or blue light to induce hyphal pigmenta-
tion was lost in either the AlreA or AlreA AfphA mutants (Fig. 2B).
The reconstituted IreA mutant displayed a WT pigmentation phe-
notype, confirming that the mutant defect was specifically due to
loss of IreA (see Fig. S1 in the supplemental material). In contrast
to the AlreA mutant, the AfphA mutant was indistinguishable
from WT with regards to the photopigmentation phenotype. This
is consistent with the finding that red light alone was unable to
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FIG 2 A. fumigatus photopigmentation response. (A) (Left) A. fumigatus
Af293 grown in an alternating 12-h dark/12-h white light environment for
6 days. (Right) Af293 after 72 h of constant darkness or constant illumination
conditions, as indicated. (B) WT or deletion mutants (AlreA, AfphA, and AlreA
AfphA [AA] mutants) after 72 h of constant darkness [D] or constant white
light illumination [L]. All experiments were performed on GMM plates and
incubated at 37°C. All pictures are scans of the plate bottoms shown as gray-
scale images.

induce pigmentation and demonstrates that the defect in the
AlreA AfphA mutant can be attributed solely to the loss of IreA.
Along with the conserved sequence and light-induced regulation
of IreA described above, these data demonstrate that lreA encodes
a bona fide blue light receptor in A. fumigatus that is capable of
regulating downstream phenotypes.

Light inhibits germination of A. fumigatus conidiospores by
affecting the FphA phytochrome. In addition to the reduced rates
of hyphal extension described above, light also had a strong neg-
ative impact on the kinetics of conidial germination (Fig. 3A). For
example, the percentage of germinated A. fumigatus Af293 conidia
when irradiated with dichromatic blue/red light was approxi-
mately one-third that of dark-grown cultures at 10 h postinocula-
tion. Surprisingly, both monochromatic blue and red light were
capable of inhibiting germination to the same extent as dichro-
matic treatment or white light. This result, in combination with
the data showing that blue and red light interact synergistically to
inhibit growth rate, demonstrates that A. fumigatus is capable of
responding to the red portion of the visible spectrum.

The basic model for a light response consists of light activation
of a photoreceptor, which then acts upon a downstream target.
Therefore, we hypothesized that the inhibition of germination was
due to a repressing action of LreA or FphA following their activa-
tion by blue or red light, respectively. Accordingly, we anticipated
that deletion of IreA or fphA would lead to an unresponsive mu-
tant in which the corresponding light spectrum would no longer
inhibit germination. Contrary to this prediction, however, the
AfphA and AlreA AfphA mutants displayed reduced germination

4 mBio mbio.asm.org
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FIG 3 Light regulation of conidial germination in A. fumigatus. (A) Germi-
nation rates of Af293 conidia under constant illumination conditions. Each
light condition was performed at different times, and each light condition was
run concurrently with a dark time course experiment. The averages of the three
dark time course experiments are shown (+SD). (B) (Left) Germination rates
of WT or mutant strains in constant darkness. (Right) Percentage of germina-
tion after 8 h in constant darkness [D] or constant red plus blue light illumi-
nation [L]. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) Germination rates of
the WT versus AlreA mutant in constant darkness versus constant blue light
illumination. Abbreviations: D, constant darkness; L, constant blue light illu-
mination. (D) Proposed model for light-regulated germination. Red light in-
hibits FphA directly, whereas blue light inhibits FphA via an unknown blue
light sensor. All germination experiments were performed in liquid GMM and
incubated at 37°C.

kinetics in the dark and were not further inhibited by light
(Fig. 3B). Additionally, the germination kinetics of dark-grown
AfphA and AlreA AfphA mutants were comparable to those of the
WT and AlreA mutant in the light (Fig. 3B). Taken together, these
data are consistent with a model in which the phytochrome pro-
motes germination in the dark, with light impinging on this activ-
ity (Fig. 3D).

To reconcile the finding that blue light alone could inhibit
germination, we hypothesized that activated LreA could directly
or indirectly inhibit FphA-dependent germination; if this hypoth-
esis is correct, then blue light would no longer be able to inhibit
germination in the AlreA background. Contrary to this predic-
tion, blue light still inhibited the germination of the AlreA mutant
(Fig. 3C), suggesting that LreA is not the photoreceptor involved
in this blue light response. Therefore, it is likely that an additional
and unidentified photoreceptor is involved in inhibition of germi-
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nation by blue light, as indicated in the model presented in
Fig. 3D.

A reduction in conidial germination by light has not been re-
ported for N. crassa, for which the photoresponse is well charac-
terized; however, it is not clear whether a germination phenotype
has actually been rigorously tested. Therefore, we analyzed germi-
nation rates of N. crassa in the dark versus white light and ob-
served identical kinetics under both conditions (see Fig. S4 in the
supplemental material). Similarly, an N. crassa Aphy-1 Aphy-2
deletion mutant (15) demonstrated no germination defect com-
pared to the WT, indicating that the influences of light and phy-
tochromes on conidiospore germination are not conserved in
A. fumigatus and N. crassa.

Whole-genome transcriptional analysis reveals broad regu-
lation of metabolism and stress response genes by light in A. fu-
migatus. To gain a more comprehensive insight into light-
regulated processes in A. fumigatus, a whole-genome microarray
analysis was performed. Total RNA from each of the five time
points shown in Fig. S5 in the supplemental material (0, 15, 30, 60,
and 120 min after transfer to light) was labeled by reverse tran-
scription and then competitively hybridized against a pooled ref-
erence. The Af293 oligonucleotide arrays contained four indepen-
dent probes each of 9,628 genes, representing approximately
99.9% of the genome. A gene was considered light regulated if it
met the three following criteria. (i) It demonstrated at least a 1.5-
fold intensity difference (either up or down) relative to the dark
(0 min) time point. (ii) The change in expression was consistent
for at least two consecutive light time points, except if the change
initially occurred at 120 min. (iii) The first two criteria were met
on at least two independent probes from the array. Based on these
criteria, 250 genes were identified as light-regulated genes in A. fu-
migatus, which was approximately 2.60% of all genes detected in
the experiment.

Of the 250 light-regulated genes, 102 were photoinduced (see
Table S1 in the supplemental material). The majority of such
genes demonstrated an early onset of induction, with 65 genes
showing increased expression by 15 min after light transfer and an
additional 24 genes showing increased expression by 30 min. Most
of these “early light-induced” genes (58 of 89) demonstrated ei-
ther full or partial repression by the 120-min time point, suggest-
ing that A. fumigatus had become photoadapted. The remaining
light-induced genes (13 of 102) demonstrated induction begin-
ning 60 or 120 min after light transfer.

The photoresponse of N. crassa is mediated through a hierar-
chical transcriptional cascade in which the light-activated WCC
promotes the early expression of additional transcription factors,
which then regulate their own subset of genes in the light regulon
(e.g., late-light-responsive genes) (12). In addition to the blue
light receptor gene, IreA, we identified two additional transcrip-
tion factors in the A. fumigatuslight-induced set, one annotated as
an NF-X1 transcription factor (AFUA_7G04710) and another as a
CP2 transcription factor (AFUA_3G11170); both demonstrated
early light induction (within 30 min). A role for these proteins in
regulating downstream light-responsive genes seems likely and
will be the subject of future investigations.

The gene demonstrating the greatest fold induction on the ar-
ray was AFUA_3G01430, a putative member of the TspO/MBR
(tryptophan-rich sensory protein/mammalian peripheral-type
benzodiazepine receptor) family (see Table S1 in the supplemen-
tal material). QRT-PCR confirmed an early light induction of the
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gene, which peaked at around 20-fold by 60 min after transfer to
light (see Fig. S4 in the supplemental material). Interestingly,
AFUA_3G01430 may belong to a conserved photoresponsive gene
family, as its orthologs are potently light induced in both N. crassa
and A. nidulans (12, 36). While not functionally characterized in
fungi, in bacteria, these proteins are proposed light/oxygen-
regulated porphyrin efflux pumps involved in negatively regulat-
ing carotenogenesis and photosynthesis (40). Therefore, the
TspO/MBR orthologs may have important roles in the fungal
photoresponse.

The second-most highly light-induced gene was a predicted
photolyase (AFUA_1G01600, annotated as phrl in A. fumigatus),
a member of a class of enzymes that absorb photons in the blue/
near-UV spectrum and use the energy to catalyze the repair of
cyclobutane adducts (e.g., pyrimidine dimers) caused by UV; the
ortholog is induced in both N. crassa and A. nidulans (12, 36). In
addition to the IreA photoreceptor gene, an opsin-related gene
(AFUA_7G01430) was also induced by light on the array, which is
consistent with the array data from A. nidulans (36). In summary,
we have identified several light-induced genes on our array whose
orthologs are similarly regulated in other organisms, thereby lend-
ing confidence that the array data provide an accurate look at
light-mediated changes in the A. fumigatus transcriptome. Func-
tional term enrichment of the light-induced genes revealed that
this set was significantly enriched for genes involved in UV resis-
tance, cholesterol homeostasis, phospholipid metabolism, glyco-
gen metabolism, and amino acid catabolism, among others (see
Table S2A in the supplemental material).

In contrast to what has been reported in N. crassa, A. nidulans,
and Trichoderma atroviride (12, 36, 41), we identified more light-
repressed genes in A. fumigatus (148 total) than light-induced
genes (see Table S3 in the supplemental material). Term enrich-
ment analysis demonstrated that downregulated gene categories
were largely metabolic, including gluconeogenesis, tricarboxylic
acid (TCA) cycle, electron transport/respiration, amino acid bio-
synthesis, and cholesterol/steroid metabolism (Table S2B). Sev-
eral genes from each category were confirmed by qRT-PCR anal-
ysis (Fig. S5).

Visible light promotes A. fumigatus resistance to UV irradi-
ation and oxidative stress. In addition to the photolyase gene
described above, a gene encoding a putative mismatch repair en-
zyme (AFUA_3G14260) was also upregulated in the array exper-
iment and confirmed by qRT-PCR (Fig. 4A). On the basis of the
light induction ofits orthologs in N. crassa and A. nidulans, we also
tested the expression of a UV endonuclease encoded by uvdE-1
(AFUA_6G10900) and found that it was also induced by light in
A. fumigatus, albeit weakly. Interestingly, the light induction of
uvdE was lost in the AlreA mutants, and the induction of phrl was
lost in both the AlreA and AfphA mutants (Fig. 4A). From these
data, we hypothesized that the exposure to visible light would
promote resistance of A. fumigatus to UV irradiation and that this
light-induced resistance phenotype would be lost in the IreA or
fphA photoreceptor mutants. To test this, dilutions of conidia
were spread across a series of plates and incubated overnight in
constant darkness. The plates were then either exposed to visible
light or kept in the dark for 2 h immediately prior to UV insult.
Following UV irradiation, plates from both pretreatment groups
(i.e., kept in the dark versus exposed to light) were incubated
together, and colonies arising after 2 days of incubation were
counted and compared to no-UV controls (Fig. 4B). Consistent
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FIG 4 Light induction of stress resistance in A. fumigatus. (A) QRT-PCR analysis of DNA repair genes
in a representative time course experiment. Bars reflect the 2722 values, relative to the 0-min time
point for that strain (plus SD of 3 technical replicates). (B) Schematic of the UV or H,O, stress
resistance assays performed. All cultures were incubated at 37°C on GMM plates. (C) (Left) Compar-
ison of white, blue, and red light treatment regimens in the UV stress assay using strain Af293.(Right)
The UV stress assay, using white light, with the AlreA AfphA mutant. (D) Comparison of WT versus the
mutant strains in the H,O, assay. Each of the mutants strains was tested separately, and each strain was
tested with its own W control. The average of the three WT experiments is shown (plus SD). *, P <

0.05; **, P < 0.01; ***, P < 0.001.

with the first hypothesis, WT plates that were exposed to light
prior to UV treatment gave rise to significantly more colonies than
those kept in the dark. This was observed when either white or
blue light was used, but not red light (Fig. 4C). Surprisingly, and in
contrast to our second hypothesis, the AlreA, AfphA, and AlreA
AfphA mutants all demonstrated light-enhanced resistance to the
UV treatment to the same extent as the WT (Fig. 4C and data not
shown). This suggests that additional photoreceptors may be
functioning to promote UV resistance in response to light.

In addition to direct DNA damage, the deleterious effects of
UV arise through the formation of intracellular reactive oxygen
intermediates. Accordingly, we hypothesized that visible light
might also serve as an anticipatory signal for oxidative stress and
promote resistance to an oxidizing agent. This was tested experi-
mentally in a manner similar to the UV experiments, except that
the treatment consisted of overlaying plates with either hydrogen
peroxide or water as a control (Fig. 4B). As predicted, those plates
preexposed to white light yielded more colonies than those kept in
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mismatch recognition
(AFUA_3G14260)

the dark. This resistance phenotype per-
sisted as robustly as the WT phenotype in
both the AlreA and AfphA mutants but
was lost in the AlreA AfphA double mu-
tant (Fig. 4D). Therefore, LreA and FphA
appear to function in a redundant or syn-
ergistic fashion to promote the resistance
to oxidative stress.

FphA promotes cell wall homeostasis
in the presence of light. Several genes
encoding cell wall-associated proteins,
including four glycosylphosphatidyl-
Ckx inositol (GPI)-anchored proteins, dem-
onstrated light repression in the microar-
ray experiment, suggesting that cell wall
homeostasis is modulated by light (see
Table S3 in the supplemental material).
To test this prediction phenotypically, we
took advantage of the fact that alterations
in cell wall integrity typically manifest as
changes in sensitivity to agents that per-
turb the cell wall. A. fumigatus conidia
were spot plated onto medium containing
various concentrations of Congo red, a
dye that promotes osmolysis by binding
to polysaccharide fibrils (e.g., glucan and
chitin) of the cell wall. Interestingly, the
fungus was more susceptible to the dye
when the plates were incubated in white
light than when the plates were incubated
in the dark (Fig. 5A). Blue light alone was
capable of enhancing susceptibility, but
not to the same extent as white light; con-
versely, plates exposed to red light were
indistinguishable from those kept in the
dark. Osmotic stabilization of the me-
dium with 1.2 M sorbitol was able to ame-
liorate the enhanced sensitivity in white
light, indicating that the sensitivity to
Congo red was, in fact, due to cell wall
perturbation (Fig. S6).

The AlreA, AfphA, and AlreA AfphA
mutants were also tested in this assay. In the dark, the susceptibil-
ity of each of the mutants was identical to that of the WT strain
(see Fig. S6 in the supplemental material). In the light, however,
the AfphA and AlreA fphA mutants were even more susceptible to
Congo red than the WT was, despite the finding that red light did
not impact the susceptibility of the organism. The reconstituted
AfphA strain displayed a WT-like susceptibility profile, confirm-
ing that the enhanced defect was due to loss of the fphA gene
(Fig. 5B). In contrast, the phenotype of the AlreA mutant was
similar to the WT phenotype, suggesting that the phenotype of the
AlreA AfphA mutant was due to loss of the fphA gene, specifically.

by,

D L
AlreAAfphA

DISCUSSION

In this study, we have demonstrated that A. fumigatus regulates
broad aspects of its physiology in response to visible light. Addi-
tionally, many of the phenotypic and transcriptional light outputs
of A. fumigatus differ from those of well-described photorespon-
sive species, such as A. nidulans and N. crassa. As such, this work
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FIG5 Influence oflight on cell wall homeostasis. (A) Susceptibility profiles of
WT A. fumigatus to Congo red under the indicated light conditions. (B) Com-
parison of WT, AfphA, and AfphA R’ strains grown in the dark versus white
light. All pictures were taken after 48-h incubation at 37°C.

adds depth to the understanding of how conserved photosensory
pathways have evolved differently in species with distinct environ-
mental niches and lifestyles. Moreover, the presence or absence of
light has considerable impact on the metabolic and stress-resistant
state of A. fumigatus, thereby making photoperception an intrigu-
ing candidate for a virulence-associated process in this important
pathogen.

Light is a major regulator of asexual development in species
across the fungal kingdom, including both ascomycete and zygo-
mycete molds (28, 33, 42—45). Despite being a light-responsive
organism, however, we found that A. fumigatus produced asexual
spores prodigiously in both the light and dark. While this would
suggest that the influence of light on conidiation is not conserved
in A. fumigatus, it was recently shown that an Af293 mutant strain
(called Af293FL [FL for fluffy]) displays severe conidiation defects
unless exposed to light during the initial 18 h of culturing (46).
This, therefore, suggests that a light-dependent conidiation path-
way does indeed exist in A. fumigatus and the Af293FF mutation
affects a gene in a parallel developmental pathway that promotes
conidiation in the dark. With the exception of a single conidial
hydrophobin (AFUA_5G09580), we did not observe the light in-
duction of other known Aspergillus conidiation genes on our array
or by qRT-PCR (data not shown); this included a transcriptional
regulator of conidiation genes, brlA, which is induced by light in
A. nidulans (36). The lack of concordance with regard to the light
regulation of conidiation genes is perhaps surprising; however, an
important consideration is that our light induction time courses
were performed in submerged/shaking culture, a condition that is
not typically conducive for asexual development in A. fumigatus
and other molds. The difference in culture conditions may have
also contributed to the considerably smaller number of light-
regulated genes we report for A. fumigatus (250 genes) by microar-
ray versus the 533 genes reported in A. nidulans (36). Despite the
difference in absolute number however, a term enrichment anal-
ysis of upregulated genes from the A. nidulans array revealed that
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similar gene categories were induced (see Table S2C in the supple-
mental material).

A major interpretation of the cumulative data is that light
serves as a stress signal for A. fumigatus. This was evidenced ini-
tially as a generalized growth inhibition of light-grown cultures,
primarily at the level of conidial germination. Germination in-
volves the irreversible activation of respiratory metabolism and
the polarization machinery, thereby breaking metabolic dor-
mancy and committing the fungus to vegetative growth (47).
Therefore, if light serves as a signal for a stress environment (e.g.,
UV, elevated temperatures), delaying germination by some hours
may be advantageous for the fungus by increasing the likelihood
that growth is initiated under more favorable conditions. The
mechanisms by which growth and germination rates are attenu-
ated by light are currently unclear but could, in part, be explained
by the light repression of genes involved in respiratory metabo-
lism and protein synthesis observed by microarray.

Our data implicate a central role for the phytochrome, FphA,
in the germination response. More specifically, FphA appears to
promote germination in the dark and is then inhibited by red or
blue light, the latter in an LreA-independent manner. While both
a dark function for FphA and the dispensability of LreA in this
response were surprising to us, the exact same roles for blue and
red light, and for FphA and LreA, in the germination of A. nidulans
were recently reported (48). This demonstrates that not only is the
influence of light on germination conserved between the two
aspergilli but also that an unknown blue light receptor is likely
inhibiting FphA-mediated germination in both organisms.

Beyond the inhibition of growth, the detection of visible light
by A. fumigatus also led to the upregulation of pathways that di-
rectly promote protection against the harmful effects of UV. The
most obvious response was the production of hyphal pigments,
which may protect the cell by either directly absorbing UV light or
by scavenging UV-generated reactive oxygen intermediates (49).
This response was dependent upon LreA, which fits with the find-
ing that only blue light was able to induce the response. Although
photopigmentation has not previously been seen in an Aspergillus
species, it constitutes a light response observed in many ascomy-
cete molds, including N. crassa, Fusarium fujikuroi, Fusarium ox-
ysporum, and Cercospora kikuchii, as well as in the model zygomy-
cete Phycomyces blakesleeanus (22, 35, 50-53). Moreover, the
LreA/WC-1 ortholog appears to be involved in, although not nec-
essarily essential for, the photo-pigmentation response in all spe-
cies in which it has been tested.

We also observed light induction of several DNA repair genes,
including a photolyase and a UV endonuclease. Importantly, the
pigmentation and transcriptional responses correlated with a
light-induced protection of A. fumigatus against a lethal dose of
UV. Similar to photopigmentation, this protective phenotype was
elicited by white and monochromatic blue light, but not by red
light. An interesting aspect of the data, then, was the involvement
of the LreA and FphA photoreceptors in this response. For exam-
ple, the light induction of the photolyase encoded by phr1 was lost
in the AlreA mutant and attenuated in the AfphA mutant. This
suggests that FphA is required for the full activity of LreA in in-
ducing the expression of phrl, despite the fact that red light alone
is unable to induce UV protection. Even more surprising is the fact
that the light-mediated UV resistance phenotype of A. fumigatus
persisted even in the AlreA AfphA mutant. This differs from both
C. neoformans and F. oxysporum, in which loss of the wc-1/IreA
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ortholog alone leads to a hypersensitivity to UV (21, 22). This
suggests that an additional photoreceptor(s) may be operative in
A. fumigatus capable of upregulating UV stress resistance path-
ways. Along these lines, the light induction of the putative mis-
match repair gene persisted in the AlreA AfphA mutant. An alter-
native explanation is that such genes are upregulated after DNA
damage rather than by signal transduction (i.e., downstream in a
photoreceptor pathway); however, the early induction of the mis-
match repair gene (15 min after exposure to light) is perhaps in-
dicative of a genuine light response. Indeed, these data, together
with the LreA-independent effects of blue light on germination,
support the presence of additional functional photoreceptors.

Perhaps the most likely candidate for an additional blue light
receptor in A. fumigatus is the aforementioned Phrl. The Phrl
orthologin A. nidulans, CryA, not only displays the requisite DNA
repair activity of a photolyase, but its deletion also leads to a de-
regulation of sexual developmental genes and an increase in cleis-
tothecial development (29). This indicates that CryA is serving
dual roles as a photolyase and cryptochrome, the latter of which
are bona fide blue light receptors that typically lack DNA repair
capability. Phrl represents the only protein resembling a pho-
tolyase or cryptochrome by sequence analysis in the A. fumigatus
genome, suggesting that it too may have both repair and signaling
capabilities. Thus, even though the light induction of A. fumigatus
phrl islost or reduced in the AlreA and AfphA backgrounds, there
may still be Phr1-mediated signaling to additional repair genes
that then lead to the resistance phenotype.

We also observed the induction of an opsin-like gene on the
array and confirmed this by qRT-PCR. Genes of this family are
widespread across fungal species and are even present in the Sac-
charomycotina, which lack a known light response or any other
photoreceptor ortholog (20). However, the proteins encoded by
these genes are not conventional rhodopsins, as they lack a crucial
lysine residue required for retinal binding (54). The ortholog in
A. nidulans has been deleted, but no phenotype has been discov-
ered (R. Fischer, personal communication); therefore, it is unclear
what role, if any, these opsin-related proteins are playing in a
fungal light response.

Last, we have noted the presence of a second putative phyto-
chrome in the genome of A. fumigatus, which we have called fphB.
This is in contrast to A. nidulans, in which fphA represents the sole
phytochrome-encoding gene. Because all expected phytochrome
domains are predicted in its sequence and because transcript levels
can be detected, it is possible that the FphB protein displays light
signaling capability in A. fumigatus. However, because the AfphA
mutant displays clear phenotypes that are similar to those de-
scribed for the fphA mutant of A. nidulans (48), we predict that
FphB may be redundant to FphA. The roles for Phr1 and FphB in
the A. fumigatus photoresponse are under investigation.

Also predicted from the array was an effect of light on A. fu-
migatus cell wall homeostasis, which manifested as an enhanced
sensitivity to Congo red in light. It is currently unclear whether the
loss of cell wall integrity is due to direct deleterious effects of light
on cell wall components or is an indirect result of transcriptional
changes in light (as seen on the array) or both. However, cell wall
defects are known to translate into reduced conidiation and
growth rates in A. fumigatus (55, 56), so the influence of light on
the wall may, in part, explain the light-dependent reductions in
conidiation and growth rate we observed. We have identified
FphA as an important regulator of cell wall homeostasis in the
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light, which was unexpected given the apparent inability of red
light to influence Congo red sensitivity. This finding then adds to
the UV and oxidative stress data in which FphA plays a central role
in a red light-independent response.

We also found that light can promote resistance of A. fumigatus
against exogenous oxidative stress. However, we did not observe a
corresponding light induction of obvious oxidative stress-related
genes, such as catalase, superoxide dismutase, or glutathione per-
oxidase; such genes were light induced in both N. crassa and A. ni-
dulans (12, 36). Instead, the physiological response of A. fumigatus
may be explained by the light-mediated change in the metabolic
state of the cell, as discerned by microarray. For example, genes
involved in mitochondrial function/respiration as well as heavy
metal (e.g., iron) transport were highly enriched among the light-
repressed genes. As both the redox activity of the mitochondria
and iron-mediated Fenton chemistry are major sources of endog-
enous oxidative stress for the cell (57), the downregulation of
these gene categories may provide an oxidant-protected cellular
state in A. fumigatus. Indeed, the downregulation of these path-
ways has been associated with oxidative stress resistance in several
bacterial species (58, 59). However, it should be noted that the
relationship between heavy metal/respiratory homeostasis and
oxidative stress sensitivity is complicated; iron and copper are
essential cofactors for reactive oxygen species (ROS) detoxifying
enzymes, like catalase and superoxide dismutase, respectively,
while yeast cells with mitochondrial dysfunction (e.g., petite cells)
display enhanced sensitivity to oxidative stress (60). Therefore, at
most, the metabolic data provide hypotheses for future experi-
mental validation. Unlike the UV resistance phenotype, the light-
induced resistance to oxidative stress was lost in the AlreA AfphA
mutant, suggesting that LreA and FphA regulate this stress re-
sponse in a redundant or synergistic fashion.

In addition to the metal homeostatic and respiratory changes
just described, the light environment has broad impacts on A. fu-
migatus metabolism. Complementing the reduction in respiration
is a generalized induction of genes involved in glycogen metabo-
lism, amino acid catabolism, fatty acid metabolism, cholesterol
homeostasis, sugar/glucose uptake, and glycolysis. Conversely,
there was a concurrent drop in the metabolism of various amino
acids and protein synthesis, in general. Despite these transcrip-
tional regulatory differences, we did not observe a difference in
radial growth rate on different carbon sources between cultures
grown in constant darkness versus constant light (data not
shown). Thus, beyond the stress resistance implications proposed
above, the adaptive consequence of these broad metabolic shifts
by light are currently unclear. A more in-depth analysis of metab-
olism and the photic environment, as well as the relative contri-
butions of the various photoreceptor pathways, will be the focus of
ongoing and future investigations. In the meantime, these data
underscore that the photic environment should be considered an
environmental variable in A. fumigatus experiments, particularly
for those involving stress response, metabolic and transcriptional
outputs, which are commonplace for work with this organism.

Perhaps most importantly, it is well-known that many of the
cellular processes that are light regulated contribute to A. fumiga-
tus virulence. As examples, loss of hyphal pigmentation, reduced
germination kinetics, and defects in cell wall homeostasis are all
associated with attenuated virulence phenotypes in murine mod-
els of invasive aspergillosis (49, 56). Similarly, carbohydrate and
nitrogen metabolism and iron acquisition through siderophores,
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shown here to be light-regulated processes, are also known viru-
lence determinants in this fungus (26, 61). Looking forward, then,
it will be interesting to determine whether perception of the light
environment by A. fumigatus will prove important not only for
adaptation to its ecological niche, but also for adaptation and
growth within the immunocompromised host.

MATERIALS AND METHODS

Growth conditions and light treatment. All A. fumigatus strains were
maintained on glucose minimal medium (GMM), which contains 1%
glucose and ammonium tartrate as a nitrogen source, as previously de-
scribed (62). Cultures for the light induction RNA time courses were
incubated in liquid YG (2% glucose, 0.5% yeast extract). All incubators
were placed in a dark room, and “dark” samples were isolated with all
lights off with the aid of infrared goggles.

For cultures treated with white light, plates or flasks (as indicated)
were irradiated under cool fluorescent light bulbs (General Electric
F20T12-CW) emitting light over a broad spectrum from 400 to 700 nm;
the total light intensity was ~40 wmol/photons/m?/s. For blue and red
light treatments, plates were incubated in an E-30LED growth chamber
equipped with blue and red light-emitting diodes (Percival Scientific, Inc.,
Perry, IA). All incubations were performed at 37°C.

A. fumigatus and N. crassa strains used in this study. Aspergillus fu-
migatus strain Af293 was used as the WT organism. Targeted gene dele-
tions were accomplished using the split-marker method (63), as depicted
in Fig. 1C and described below. All PCRs were performed with iProof
(Bio-Rad) unless otherwise noted, and all primer sequences are listed in
Table S4 in the supplemental material. Putative knockout and reconsti-
tuted strains were initially identified by a genomic PCR screen and subse-
quently confirmed by RT-PCR analysis.

(i) Deletion of IreA. The IreA left arm (LA) was amplified from Af293
genomic DNA (gDNA) with primers 1 and 2, and the first two-thirds of
the hygromycin resistance cassette was amplified from pAN7-1 using
primers 3 and 4; the two products were then combined by overlap PCR
using primers 1 and 4 to yield the left deletion construct. The second
two-thirds of the hygromycin cassette was amplified from pAN7-1 using
primers 5 and 6, and the IreA right arm (RA) was amplified from gDNA
using primers 7 and 8; the two products were combined by overlap PCR
using primers 5 and 8 to yield the right deletion construct. Ten-
microgram amounts of both the left and right deletion constructs were
used for cotransformation into Af293 protoplasts, and hygromycin-
resistant colonies were selected for screening.

(ii) Deletion of fphA. For the single deletion mutant, the fphA LA was
amplified from gDNA using primers 9 and 10 and was combined with the
first two-thirds of the hygromycin cassette using primers 9 and 4 to yield
the left deletion construct. The fphA RA was amplified with primers 15
and 16 and was subsequently combined with the second two-thirds of the
hygromycin cassette using primers 5 and 16 to create the right deletion
construct. Ten-microgram amounts of the left and right deletion con-
structs were cotransformed into Af293 protoplasts, and hygromycin-
resistant colonies were selected for screening.

For the double deletion mutant, the first two-thirds of the phleomycin
resistance construct was amplified from plasmid pBC-phleo using prim-
ers 11 and 12; this was subsequently combined with the fphA LA using
primers 9 and 12 to form the left deletion construct. The second two-
thirds of the phleo cassette was amplified using primers 13 and 14 and
combined with the fphA RA using primers 13 and 16 to form the right
deletion construct. The left and right deletion constructs were cotrans-
formed into AlreA mutant protoplasts, and phleomycin constructs were
selected for screening.

(iii) Complementation of AlreA and AfphA. A 3.7-kb region of the
IreA locus, consisting of 700 bp of the native promoter through the trans-
lation stop, was amplified with primers 17 and 18 and cloned into the
plasmid pSC-B-amp/kan (Strataclone) to form the IreA R’ plasmid.
Twenty micrograms of linearized IreA R" plasmid (HindIII) and 2 pg of
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the pBC-phleo construct were cotransformed into AlreA protoplasts, and
phleomycin-resistant colonies were selected for screening.

A 5-kb region of the fphA locus, consisting of 850 bp of the native
promoter through the translational stop, was amplified with primers 19
and 20 and was cloned into plasmid pSC-B-amp/kan (Strataclone) to
generate the fphA R’ plasmid. Twenty micrograms of PCR-amplified fphA
R’ plasmid insert and 2 ug of the pBC-phleo construct were cotrans-
formed into AfphA protoplasts, and phleomycin-resistant colonies were
selected for screening.

For N. crassa experiments, strains OR74A and 324-8 were used as the
WT strains. The Aphy-1 Aphy-2 mutant was previously generated by
Froehlich et al. (15).

Quantitation of growth rate and conidiation. For radial growth rate
studies, 2 ul ofa 5 X 10 ml~! conidial suspension of the indicated strains
was point inoculated onto the center of a GMM plate and incubated at
37°C under the indicated light conditions. At each 24-h time point, the
plates were removed from the incubator and briefly exposed to a low-
intensity red light (standard safe light) so the hyphal growth front could be
marked accurately. The experiment was performed three times (each in
triplicate), and the mean 24-to 72-h growth rates for each of the groups
were compared statistically by Student’s ¢ test.

To quantify total conidia produced by the Af293 strain, 1 X 10*
conidia were point inoculated onto GMM plates and incubated for 4 days
at 37°C in the indicated light environment. Following incubation, total
conidia were harvested by swabbing conidia into sterile water (3 times)
and enumerating with a hemacytometer. Data are expressed as total
conidia divided by the colony area (cm?). The experiment was performed
in triplicate, and conidial counts from the dark-grown and illuminated
groups were compared by Student’s ¢ test.

Analysis of conidial germination. For the germination assays, 5.0 X
10> conidia ml~! were inoculated into liquid GMM, and 3-ml aliquots
were dispensed into 10-mm petri plates containing a single sterile cover-
slip. The plates were incubated at 37°C under the described light condi-
tions and removed from the incubator at the indicated time points. A
minimum of 200 conidia were scored for the presence or absence of a
germ tube using a bright-field microscope. The statistical differences for
the values for groups at the 8-h time point were determined pairwise by
the chi-square test.

For the N. crassa germination experiments, frozen conidia were inoc-
ulated onto a minimal medium slant (64) and incubated for 1 week at
30°Cin constant darkness to generate conidia. Conidia were suspended in
sterile water and filtered through Miracloth (Calbiochem) to eliminate
hyphal debris. The conidia were then inoculated into Bird medium con-
taining 2% glucose and aliquoted into petri plates as described above for
the A. fumigatus experiments. Incubations were performed at 30°C under
the indicated light environments.

RNA isolation and quantitative RT-PCR. Following culturing as de-
scribed above, mycelial tissue was harvested by brief vacuum filtration
followed by freezing in liquid nitrogen. Total RNA was isolated from the
frozen tissue by crushing the tissue with a glass rod and processing the
powder with the RNeasy kit (Qiagen). Two micrograms of RNA was used
for DNase treatment (Roche) based on the manufacturer’s guidelines, and
8 ul of the DNase-treated RNA was used for first-strand cDNA synthesis
(Superscript III; Invitrogen). For quantitative RT-PCR analysis, 1 ul of
1/5 or 1/10 diluted cDNA was used in a 20-ul PCR mixture (iTaq fast
SYBR green master mix; Bio-Rad) detected by an ABI 7500 real-time
system. Expression values for all analyzed genes were calculated using the
27AACT method, using actin or tubulin as a reference.

Analysis of light-induced genes by microarray. For each of the five
time points analyzed (0, 15, 30, 60, and 120 min), 15 ug of DNase-treated
RNA was used for reverse transcription (Superscript II; Gibco) in the
presence of aminoallyl-dUTP (catalog no. A-0410; Sigma) from 1-ug ali-
quots of poly(A) RNA. The dyes Alexa Fluor 555 and Alexa Fluor 647
(catalog no. A-32755; Invitrogen) were coupled to the pooled reference
and time point cDNA, respectively, in the presence of 7.5 mg/ml sodium
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bicarbonate buffer. The cDNA was subsequently cleaned by using the
Mlustra Cyscribe GFX purification kit (catalog no. 27-9606-02; Amer-
sham/GE).

Slides (Af293 CAT-40K arrays; MYcroarray, Ann Arbor, MI) were
prehybridized in 5X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 0.1% sodium dodecyl sulfate (SDS), and 1.0% bovine serum al-
bumin (BSA) for 1 h at 42°C, washed, and spun dried. Following slide
prehybridization, labeled cDNA was resuspended in 36 ul of hybridiza-
tion solution (25% formamide, 5X SSC, 0.1% SDS, 0.1 g/ uliter single-
stranded DNA [ssDNA], 0.2 ug/upliter tRNA), and the suspension was
heated at 95°C for 5 min and subsequently transferred into the space
between microarray slide and LifterSlip cover glass (Erie Scientific, Ports-
mouth, NH). Hybridization was carried out for 16 h at 42°C in a Boekel
InSlide Out hybridization oven. A GenePix 4000 scanner was used to
acquire images, and GenePix Pro 7 software was used to quantify hybrid-
ization signals.

Data processing was performed using BRB-Array Tools version 4.2.1
developed by Richard Simon and Amy Peng Lam. BRB-Array Tools is
offered without support by the Biometric Research Branch of the National
Cancer Institute. Raw intensity data were background subtracted, filtered
to remove weak or missing spots, and normalized using an intensity-
dependent lowess method.

Stress resistance assays. For the UV stress experiments, conidial di-
lutions of the indicated strains were spread plated onto GMM plates and
incubated for ~16 h in constant darkness. The plates were then either kept
in darkness or transferred to the indicated light condition for an addi-
tional 2 h. The plates were then irradiated with 7 J/m? by placing the plates
in a UV Stratalinker 1800 (Stratagene). Nonirradiated plates served as the
no-treatment controls. Following treatment, all plates were incubated at
37°C in a standard incubator (not light controlled), and colonies were
counted following 24 to 48 h of incubation.

The H,0, experiments were performed as described above for the UV
stress experiments, except the treatment consisted of overlaying the plates
with 0.007 to 0.008% H,O, for 10 min at room temperature. The H,O,
was then decanted, and the plates were washed by overlaying them in
water for 5 min (repeated 3 times). No-treatment groups were treated the
same way, except water was used for the initial 10-min treatment. Both the
treatment and washes were performed under ambient light conditions.
The plates were then incubated and scored as described for the UV exper-
iments.

For the Congo red susceptibility assay, 2 ul of a 5.0 X 10¢ conidial
suspension were point inoculated onto GMM medium containing the
indicated concentrations of Congo red. All pictures shown were taken
after 48-h incubation at 37°C in the indicated light environment.
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Early-Light Induced genes (15-30 min)
AFUA 2G10130 adhesin -0.69173 -0.2445 0.1507  0.400802 0.078094
AFUA_7G01430 opsin -0.20676 0.23741  0.523692 0.642822 0.438766
AFUA _3G01430 benzodiazepine receptor family protein -0.69835 0.528785 0.824346 1.125779 0.798715
AFUA_1G01600 deoxyribodipyrimidine photo-lyase Phrl -0.82857  -0.15631 0.550254 1.012151 0.918003
AFUA 3G14260 mismatched base pair and cruciform DNA -0.44465 0.753611 0.775657 0.527549  0.01112
AFUA_1G00500 FMN dependent dehydrogenase -0.55714 0.665946  0.554539 0.533157 -0.03015
AFUA_4G00660  sensor histidine kinase/response regulator -0.46795 0.451091 0.641811 0.135427 -0.31153
AFUA_7G05580 phospholipase PIdA -0.07023  0.952157 0.767944 0.208196 -0.14072
AFUA_4G10280 phosphotransmitter protein Ypdl -0.30553  0.725029 0.711558 0.506542 0.194964
AFUA _3G11170  CP2 transcription factor -0.10504 0.701472 0.898115 0.543688 0.495491
AFUA_5G13750 calcium binding protein Caleosin 0.045107  0.499794 0.65864 0.033071 -0.35889
AFUA _2G01590 non-classical export protein Nce102 -0.10678 0.481124 0.658777 0.505038 0.286336
AFUA _3G10480 meiotic sister chromatid recombination protein -0.50086 0.427526  0.502677 0.193363 -0.30052
AFUA_1G07400 hypothetical protein 0.121087 0.485441 0.683262 0.861258 0.549943
AFUA 5G09480 ABC transporter -0.31994  0.064819 0.466081 0.636982 0.238306
AFUA 3G01420 DUF341 family oxidoreductase -0.28852  0.136111 0.507154  0.84179 0.408316
AFUA_4G12590 hypothetical protein 0.107288 0.510855 0.655938 0.335138 0.147876
AFUA 3G11550 LEA domain protein -0.58826  -0.29034 0.080831 0.730928 0.063728
AFUA _1G00510 D-lactate dehydrogenase (cytochrome) 0.132062 0.829066 0.910637 0.637994 0.284657
AFUA _3G09990 hypothetical protein -0.08863 0.547909 0.679307 0.367178 -0.05279
AFUA_6G03790 hypothetical protein -0.69451  0.308437 0.582538 0.335653 0.200739
AFUA_2G00790 hypothetical protein -0.42443  0.719383 1.011922 0.896027 0.368086
AFUA_7G05730 hypothetical protein -0.52219  0.482929 0.837354 0.66558  0.08335
AFUA_2G15810 hypothetical protein -0.16198 0.517568 0.742293  0.663237 0.206567
AFUA 5G12410 hypothetical protein -0.18354 0.421129 0.495253 0.675221 0.211872
AFUA_7G01730  phosphatidylserine decarboxylase family -0.08471  0.632963 0.720943 0.411342 -0.00558

rotein

AFUA_6G14280 ?Iavin—binding monooxygenase-like protein -0.3664 1.025992 0.755231 0.177533  -0.0904
AFUA_4G03730 dienelactone hydrolase -0.30128 0.53899 0.73389  0.251851 -0.17173
AFUA _1G13550 hypothetical protein -0.15343 0.62353  0.951336 0.412976 -0.16389
AFUA_5G13100 hypothetical protein 0.123908  0.663927 0.72449  0.546611 0.043264
AFUA _3G08430 mitochondrial phosphate carrier protein 0.161286 0.343168 0.495235 0.759472 0.258353
AFUA_6G00510 NADP-dependent alcohol dehydrogenase -0.34273 0.721332 0.655883 1.074006  0.25068
AFUA_6G02535 hypothetical protein -0.03923  0.534452  0.812402 1.239002 0.237835
AFUA_4G05900 hypothetical protein -0.53478 0.486782 0.781666 0.770821 0.420391
AFUA 3G08630  coactivator bridging factor 1 (Mbf1) 0.208655 0.377381 0.658099 0.878142 0.064589
AFUA_4G11720  phosphatidyl synthase 0.079438 0.951177 0.670008 -0.05531 0.189537
AFUA 5G01030 glyceraldehyde 3-phosphate dehydrogenase -0.23204 0.204282 0.359544 0.610183 -0.18697
AFUA_1G16300 hypothetical protein -0.40364 0.098505 0.277613 0.491025 0.41792
AFUA_4G06220 hypothetical protein -0.53896  -0.08765 0.119489 0.351739 0.621639
AFUA _1G05870 inositol phospholipid biosynthesis protein Scs3, -0.55522 0.173381 0.385142 0.108417 0.295766
AFUA 1G02990 WD repeat-containing protein -0.6203 -0.2393  -0.09109 -0.05769 0.030944
AFUA _3G05870 IFRD domain protein -0.56601  -0.05628 0.038505 -0.04959 0.21258
AFUA_6G06590 DnaJ chaperone (Cajl) -0.60724  0.097197 0.417897 0.241409 0.178642
AFUA _3G01196 hypothetical protein -0.31181  -0.27697 0.492897 0.365463 0.009874
AFUA_4G00980  hypothetical protein -0.696  -0.29309 0.014283  -0.18759 -0.70654




AFUA_7G00160
AFUA_7G00170
AFUA_1G16560
AFUA_7G05500
AFUA_5G14410
AFUA_8G04380
AFUA_7G06570
AFUA_5G10480

AFUA_2G00570
AFUA_3G00870
AFUA_2G12780
AFUA_2G02310
AFUA_4G04140
AFUA_6G12180
AFUA_2G13850
AFUA_1G01770
AFUA_6G08760
AFUA_5G06820
AFUA_1G01160
AFUA_7G00180
AFUA_7G00120
AFUA_5G00770
AFUA_5G07660
AFUA_7G05490
AFUA_7G00340
AFUA_2G06310
AFUA_3G00865
AFUA_6G13860
AFUA_4G01360
AFUA_3G02253
AFUA_3G00370
AFUA_4G01580
AFUA_1G09890
AFUA_4G01440
AFUA_7G05860
AFUA_2G08540

AFUA_5G12860
AFUA_7G04710
AFUA_1G12620
AFUA_2G13860
AFUA_4G08020
AFUA_4G11540
AFUA_2G13400
AFUA_5G09480

polyketide synthase

dimethylallyl tryptophan synthase GliD1
MIF domain protein

glutathione S-transferase

cysteine dioxygenase

hypothetical protein

cation diffusion facilitator family metal ion

molybdenum cofactor biosynthetic protein
(CnxF),
GNAT family acetyltransferase

GNAT family N-acetyltransferase
von Willebrand domain protein
actin cortical patch protein Sur7
hypothetical protein

hypothetical protein

protein phosphatase regulatory subunit Gacl

short chain oxidoreductase/dehydrogenase
proline oxidase PrnD

hypothetical protein

5'-nucleotidase

NAD dependent epimerase/dehydratase
metallo-beta-lactamase domain protein
integral membrane protein

hypothetical protein

hypothetical protein
metallo-beta-lactamase domain protein
ATP-dependent RNA helicase
hypothetical protein

hypothetical protein

MFS transporter of unkown specificity
YjgH family protein

phosphoketolase

ankyrin repeat protein

hypothetical protein

glutathione S-transferase family protein
RING finger domain protein

DNA directed RNA polymerase 11 15 kDa
subunit

hypothetical protein

NF-X1 finger transcription factor

MFS toxin efflux pump (AfIT)

histone H4.2

hypothetical protein

glycerol kinase

membrane protein TMS1

ABC transporter

-0.78464
-0.88534
-0.50659
-1.04337
-0.70657
-0.50646
-0.72796
-0.75919

-0.44873
-0.44309
-0.54513
0.399645
-0.28876
-0.21569
0.184273
-0.63939
-0.87056

-0.5199
-0.66018
-0.72344
-0.54539
-0.61391
-0.80083
-1.44847
-0.52669
-0.41538
-0.97725
-0.02354
-2.53944
-1.01862
-0.07542
-0.73192
-0.56291
-1.40987
-0.05708
-0.20679

-0.709
-0.69067
-0.57375
-0.55458
-0.79328
-0.65849
-0.49219
-0.03541

0.336406
0.450345
-0.24007
-0.55892

-0.5436
-0.42346
-0.44846
-0.85353

0.008016
0.070541
-0.16886
0.699251
-0.20658

0.97733
0.290491
-0.13575
-0.68119
-0.17191
-0.57857
0.286328
0.276896
-0.16088

-0.5284
-1.11132

-0.6016
-0.22929
-0.66116
0.316992
-1.39047

-0.4644
0.131183
-0.56768
-0.18374
-0.53655
0.172573
0.096895

-0.6984
-0.52928
-0.35047
-0.08577
-0.60936
-0.03303
-0.08787
0.215164

-0.06356
0.035875
-0.04563
-0.12731
0.260466
0.309353
0.015975
-0.24641

0.218592

0.41351
0.064548
1.092836
0.288592
0.826545

0.53327
-0.25235
-0.56725
-0.11954
0.003092
-0.05279
0.115014
0.084526
-0.04539
-0.64548
0.131768
0.056748
0.088082
0.511999
-1.24077
-0.27633
0.329891
-0.09014
0.121223
-0.75029
0.484282
0.235845

-0.21414
-0.28338
-0.12427
0.039668
-0.17804
-0.24399
0.029866
0.427283

-0.32653
-0.31777
0.013954
-0.20981
0.143707
0.237522
-0.14965
0.149394

0.318422
-0.19441
-0.01212

0.70098
0.066324
-0.13081
0.371552

0.15621
-0.15485
0.111111
-0.07667
-0.01409
-0.09578
-0.04401

-0.1199
-0.76905
0.141298
-0.13379
-0.09387
0.720799
0.818194
-0.39736
0.544098
-0.24063
0.359995
1.231713
0.387592
0.183573

-0.32334
-0.38878
-0.14383
-0.13483
-0.19168
-0.21473
-0.17863
0.664945

-0.76163
-1.20274
0.456311
-0.12762
0.025231
0.624682
0.216694
-0.17425

-0.05534
-0.02322
-0.19604
0.229743
-0.17144
-0.17806
0.846285
-0.84414
-0.22144

-0.5238
-0.31019
-0.37573
-0.44985
-0.10405
0.155171

-0.5096
0.416029
0.254706

-0.4884
-0.00012
-2.59342
-0.57313
-0.41145
-0.57503
-0.13535
-1.77629
0.966975
0.460224

0.556916
-0.09057
0.053634
0.199232
0.070873
0.099934
0.281839
-0.00025




Late-Light Induced Genes (60-120 minutes)

AFUA_3G05780
AFUA_5G14210
AFUA_5G09580
AFUA_5G01380
AFUA_5G01350
AFUA_5G06915
AFUA_1G06350
AFUA_5G14950
AFUA_1G16556
AFUA_7G06540
AFUA_4G04220
AFUA_7G01420
AFUA_2G13940

GATA transcription factor LreA
glucose repressible protein Grgl
conidial hydrophobin Hypl/RodA
hypothetical protein

MFS multidrug transporter
hypothetical protein

pathogenesis associated protein Cap20
conserved serine-proline rich protein
phosphatase

threonine aldolase

hypothetical protein

isoleucyl-tRNA synthetase
hypothetical protein

-0.04465
0.110707
-1.09079
-0.15871

-0.5626
-0.14765
-0.18597

-0.3282
-0.65604
-0.54555
-0.42206
-0.32854
-0.27559

-0.01767
-0.0089
-0.91676
-0.00707
-0.63854
-0.16139
-0.061
-0.23698
-0.44846
-0.683
-0.34979
-0.19083
-0.05766

0.026797
0.196158
-1.14687
0.096344
-0.33014

-0.0242
0.140059
-0.12844
-0.47259
-0.42455
-0.12162
0.015487

0.07875

0.421015
0.733828
0.016329
0.524309
-0.25899
-0.00709
-0.27587

-0.2402
-0.43558
-0.51017
-0.38337
-0.14202
-0.09742

0.616322

0.60508
-0.38443
0.511885
0.312681

0.74398
0.582369
0.396982
0.013798
0.118443
0.426491
0.356058

0.41169




Table S2A:

Term enrichment analysis of A. fumigatus light induced genes detected by microarray

category hits p-value
FunCat cellular sensing and response to external stimulus 8 0.0045823
2nd level
transmembrane signal transduction 5 0.0190046
disease, virulence and defense 8 0.0201271
fermentation 3 0.0494849
FunCat chemoperception and response 6 0.0016336
3rd level
resistance proteins 6 0.0027291
lactate fermentation 2 0.0069094
cholesterol homeostasis 1 0.0181418
FAD/FMN binding 4 0.0201565
photoperception and response 2 0.0282616
membrane lipid metabolism 4 0.0345962
metabolism of sulfuric acid and L-cysteine derivatives 1 0.0359607
FunCat two-component signal transduction system (sensor kinase 2 0.0079261
4th level component)
electromagnetic waves resistance (e.g. UV) 1 0.0091116
metabolism of thioredoxin, glutaredoxin, glutathion 2 0.0101476
glutathione conjugation reaction 2 0.0126118
chemical agent resistance 3 0.0134154
phospholipid metabolism 4 0.0173998
heterofermentative pathway and fermentaton of other 1 0.0181418
saccharides
regulation of nitrogen metabolism 2 0.0230181
GO isoleucyl-tRNA aminoacylation 1 0.009407
Biological
two-component signal transduction system (phosphorelay) 2 0.0162777
response to wounding 1 0.0187271
conidium formation 1 0.0187271
proline catabolic process 1 0.0187271
L-cysteine metabolic process 1 0.0187271
glutamate biosynthetic process 1 0.0279611
sporulation resulting in formation of a cellular spore 1 0.0371097
glucose metabolic process 1 0.0461737
glycerol-3-phosphate metabolic process 1 0.0461737




Table S2B: Term Enrichment Analysis of A. fumigatus light-repressed genes

FunCat
2nd level

FunCat
3rd level

FunCat
4th level

category
protein binding

tricarboxylic-acid pathway (citrate cycle, Krebs cycle,
TCA cycle)
glycolysis and gluconeogenesis

metabolism of vitamins, cofactors, and prosthetic
groups
cellular signalling

amino acid metabolism
nucleic acid binding

electron transport and membrane-associated energy
conservation
RNA processing

protein modification
respiration
lipid, fatty acid and isoprenoid metabolism

complex cofactor/cosubstrate/vitamine binding

anaplerotic reactions
DNA processing

fermentation
electron transport

assimilation of ammonia, metabolism of the glutamate
group
oxygen and radical detoxification

alcohol fermentation
oxidative stress response

biosynthesis of vitamins, cofactors, and prosthetic
groups
NAD/NADP binding

homeostasis of cations
isoprenoid metabolism
metabolism of neurotransmitters
phosphotransferase system
metabolism of glutamate

degradation of glutamate

heavy metal ion transport (Cu+, Fe3+, etc.)
peroxidase reaction

cation transport (H+, Na+, K+, Ca2+ , NH4+, etc.)
siderophore-iron transport

biosynthesis of glutamate

homeostasis of metal ions (Na, K, Ca etc.)
metabolism of nonprotein amino acids

degradation of tyrosine

tetracyclic and pentacyclic triterpenes (cholesterin,
steroids and hopanoids) metabolism
biosynthesis of serine

hits
9

5

18

12

(o) M R S @ ) W@ BN

Uu M N N W W o N UL W

N

p-value
0.000314

0.001124

0.00746
0.008127

0.009505

0.014352
0.015072
0.016776

0.020305
0.027008
0.028809
0.035706

0.039468

0.044538
0.044774

0.047773
0.000979

0.003971
0.01538

0.019068
0.021343

0.021468

0.028316
0.031113
0.035629
0.044538
0.044538
0.000103

0.001319
0.006502
0.011302
0.012605
0.013013
0.015278
0.018776

0.02937

0.02937
0.030083

0.035773




GO
Biological

metabolism of porphyrins
oxidation-reduction process

oxygen transport

metabolic process

L-phenylalanine catabolic process
cellular amino acid metabolic process
methylation

negative regulation of translation
glutamate catabolic process to 2-oxoglutarate
carbohydrate biosynthetic process
respiratory gaseous exchange
vacuolar transport

zinc ion transport

arginine metabolic process

zinc ion transmembrane transport
tyrosine metabolic process

mannitol metabolic process
respiratory electron transport chain
tyrosine catabolic process

glutamate metabolic process

32

w
NN
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0.046276
2.53E-07

0.00078
0.001995
0.002545

0.00924

0.01369
0.016294
0.016294
0.016294
0.016294
0.016294
0.032326
0.032326
0.032326
0.032326
0.032326
0.032326
0.032326
0.032326




Table S2C: Term enrichment analysis of light-induced genes in A. nidulans

G0:0000160

two-component signal transduction system (phosphorelay)

0.0408837630062975

GO number category name hits p-value
G0:0006096 glycolysis 4 0.00314355009613674
GO0:0005978 glycogen biosynthetic process 2 0.00364486636405393
GO0:0046488 phosphatidylinositol metabolic process 2 0.00364486636405393
GO0:0005992 trehalose biosynthetic process 2 0.00711998487232716
GO0:0046854 phosphatidylinositol phosphorylation 2 0.0115911145977501
G0:0006810 transport 24  0.0119077488877105
GO0:0055085 transmembrane transport 32 0.0128117335046967
GO0:0006351 transcription, DNA-dependent 5 0.0135698803248591
GO0:0019344 cysteine biosynthetic process 2 0.0302591297681155
GO0:0016310 phosphorylation 7 0.031740807644212
GO0:0045980 negative regulation of nucleotide metabolic process 1 0.0353510088377522
GO0:0006014 D-ribose metabolic process 1 0.0353510088377522
GO0:0046417 chorismate metabolic process 1 0.0353510088377522
GO0:0006084 acetyl-CoA metabolic process 1 0.0353510088377522
GO0:0006644 phospholipid metabolic process 1 0.0353510088377522
GO0:0030301 cholesterol transport 1 0.0353510088377522
GO0:0009611 response to wounding 1 0.0353510088377522
GO0:0042558 pteridine-containing compound metabolic process 1 0.0353510088377522
GO0:0006007 glucose catabolic process 1 0.0353510088377522
GO0:0045226 extracellular polysaccharide biosynthetic process 1 0.0353510088377522
GO0:0008104 protein localization 1 0.0353510088377522
GO0:0009439 cyanate metabolic process 1 0.0353510088377522
GO0:0019551 glutamate catabolic process to 2-oxoglutarate 1 0.0353510088377522
GO0:0006749 glutathione metabolic process 1 0.0353510088377522
GO0:0009411 response to UV 1 0.0353510088377522

3

2

G0:0016042

lipid catabolic process

0.0464278776331439




Table S3: Af293 Light-repressed genes

Gene Identifier Description DD 15 min 30 min 60 min 120 min
AFUA 4G14030 hypothetical protein 0.546999  -0.0028 0.176138 0.072553 -0.12286
AFUA _1G06580 high expression lethality protein Hel10 0.360231 0.335901 0.098704 0.155691 -0.35402
AFUA 5G02330 major allergen and cytotoxin AspF1 0.885646 0.451845 0.216608 0.121862  -0.5527
AFUA 4G03322 WW domain protein 0.860286 0.803436 0.124934 0.444703 -0.1003
AFUA 8G00370 polyketide synthase 0.691158 0.946368 0.308187 0.077325 -0.05921
AFUA _8G00400 hypothetical protein 0.722871 1.131309 0.314064 0.672066 -0.16107
AFUA 4G14730 GNAT family acetyltransferase -0.02623 0.033831  0.01496 -0.10826 -0.93934
AFUA 5G11580 transcription factor TFIIH subunit T{b4 0.893127 0.142204 0.286048  0.63231 0.093007
AFUA 3G07870 extracellular serine-rich protein 0.877936 0.032647 0.180954 0.047255 -0.02269
AFUA _6G10650 ATP citrate lyase, subunit 1 0.503494 0.141737 -0.41201 -0.03435 0.372994
AFUA 6G10660 ATP citrate lyase subunit (Acl), putative 0.765043 0.651374 -0.29373 0.018094 0.450603
AFUA 3G10660 hydroxymethylglutaryl-CoA synthase Ergl3 0.625374 0.092904 -0.11527 -0.12404 0.024593
AFUA 5G10270 heat shock protein Hsp20/Hsp26 0.439152 0.071903 -0.36171 -0.2309 0.000779
AFUA 6G12220 isochorismatase family hydrolase 0.44485 0.021431 -0.05734 -0.33855 -0.13978
AFUA 2G05060 alternative oxidase AIxA 0.437343 0.333305 -0.24803 -0.21643 -0.60437
AFUA 6G07720 phosphoenolpyruvate carboxykinase AcuF 0.806228 0.719554 -0.16358 -0.16288 -0.18738
AFUA 6G13330 RNA binding protein 0.445739 0.253902 0.409409 0.544156 -0.25768
AFUA 8G05985 hypothetical protein 0.427858 -0.12992 -0.29612 -0.16259 -0.80869
AFUA 3G11070 pyruvate decarboxylase PdcA 0.42542 0.003332 -0.13144 -0.16459 -0.61475
AFUA 4G06890 14-alpha sterol demethylase CypS1A 0.505072 0.338623 0.176792 0.111804 -0.37516
AFUA 6G07770 alanine aminotransferase 0.73467 0.556457 0.356331 0.280322  -0.1324
AFUA 2G09650 aspartate transaminase 0.513503 0.412045 0.311045 0.146502 -0.13702
AFUA 1G03610 hypothetical protein 0.548288 0.339207 0.139024 0.066418 -0.30401
AFUA 1G07480 coproporphyrinogen III oxidase 0.34865 0.153122 -0.00033 -0.10946 -0.49395
AFUA 8G05600 hypothetical protein 0.256034 0.004308 -0.38358 -0.25859 -0.48771
AFUA _6G09100 hypothetical protein 0.562059 -0.00793 -0.28311 0.065572 -0.03363
AFUA 6G03400 hypothetical protein 0.681647 0.264944 -0.00593 0.017884 0.041966
AFUA 3G07310 hypothetical protein 0.777574 0.380868 0.020621  0.24447 -0.16492
AFUA 4G03410 flavohemoprotein 0.66785 0.286428  -0.1612 -0.09388 -0.19512
AFUA 3G12190 RING finger domain protein 0.835853 0.515559 0.291115 -0.35737 -0.12947
AFUA 8G02440 C-4 methyl sterol oxidase 0.587073 0.197847 0.003097 -0.42736 -0.42399
AFUA 2G08280 NADP-dependent malic enzyme MaeA 1.132954  0.39173 0.701207 0.768619  0.56352
AFUA 2GO05150 cell wall galactomannoprotein Mp2/allergen 0.755975 0.284145 0.174757 0.120571 0.118834
AFUA 2G12530 carnitine acetyl transferase 0.586919 0.333243 0.157472 0.150279 0.207804
AFUA 1G02290 hypothetical protein 1.162406 0.634436 0.227651 0.389046 -0.54465
AFUA 2G06000 NAD+ dependent glutamate dehydrogenase 0.71463 0.480267 -0.0637 -0.12719 -0.23377
AFUA 7G02010 indoleamine 2,3-dioxygenase family protein 0.66758 0.465284 -0.11327 -0.00012 -0.15841
AFUA 3G10530 protein serine/threonine kinase (Ranl) 0.78827 0.479194 0.152546 0.002669 0.184429
AFUA 4G09190 S-adenosyl-methionine-sterol-C- 0.758915 0.490043 0.290157 0.121511 0.120544
AFUA 3G08850 FAD dependent sulthydryl oxidase Ervl 0.962655 0.600871 0.141779 0.165222 0.113819
AFUA 6G10120 zinc-binding oxidoreductase ToxD 0.624552  0.34799 0.131297 0.173415 -0.13142
AFUA _6G10080 hypothetical protein 0.899892 0.572365  0.17708 -0.02225 0.196813




AFUA_2G04200
AFUA_ 2G04220
AFUA_2G04210
AFUA_5G00730
AFUA_5G01970

AFUA_1G16190
AFUA 4G11310
AFUA_3G00960
AFUA_1G03840
AFUA_2G10660
AFUA_8G04890
AFUA_3G03060
AFUA_4G07360
AFUA_1G16030
AFUA_4G06620
AFUA_7G06420
AFUA_8G07200
AFUA_6G00430
AFUA_4G12060
AFUA_1G11220
AFUA_3G00880
AFUA_5G03800
AFUA_4G08960
AFUA_1G13400
AFUA_1G07210
AFUA_6G13490
AFUA_1G17120
AFUA_3G00180
AFUA_7G05070
AFUA_4G11250
AFUA_1G17040
AFUA_2G11520
AFUA_8G01690
AFUA_3G07640
AFUA_6G04920

AFUA_3G00900
AFUA_4G06820
AFUA_2G00720
AFUA_ 5G09330
AFUA 3G13110
AFUA 3G08110
AFUA 8G07130
AFUA_4G08580
AFUA_1G05790

4-hydroxyphenylpyruvate dioxygenase
homogentisate 1,2-dioxygenase (HmgA)
hypothetical protein

H /K ATPase alpha subunit

glyceraldehyde 3-phosphate dehydrogenase
GpdA

extracellular cell wall glucanase Crfl/allergen
fructose-1,6-bisphosphatase Fbp1
hypothetical protein

CCAAT-binding factor complex subunit HapC
mannitol-1-phosphate dehydrogenase
hypothetical protein

cell wall protein PhiA
cobalamin-independent methionine synthase
hypothetical protein
Glutamate/Leucine/Phenylalanine/Valine
NADH-dependent flavin oxidoreductase
amino acid transporter

IgE-binding protein

Vacuolar protein sorting-associated protein 26,
GPI anchored protein

extracellular conserved serine-rich protein
high-affinity iron transporter FtrA

GPI anchored cell wall protein

hypothetical protein

hypothetical protein

glutamate decarboxylase

translation elongation factor eEF-1B gamma
short chain dehydrogenase (AtsC)

FAD dependent oxidoreductase

carbonic anhydrase Ncel03

D-lactate dehydrogenase

MFS monosaccharide transporter
hypothetical protein

plasma membrane H+-ATPase Pmal

NAD-dependent formate dehydrogenase
AciA/Fdh
alpha-amylase

GPI-anchored cell wall organization protein
aldehyde dehydrogenase

CipC-like antibiotic response protein
extracellular serine-threonine rich protein
cell wall protein

AhpC/TSA family thioredoxin peroxidase
mitochondrial peroxiredoxin Prx1

GPI anchored serine-rich protein

0.903428
0.713073
0.893459
0.746792

0.45715

0.80414
0.393999
0.924244
0.683414

0.76864

1.05037
0.863134
0.986183
1.224713
1.216593
1.256709
1.023645
0.712684
0.828491
0.461957
0.453629
0.866951

0.88446
0.921428

1.01069
0.501314
0.552831
0.825906
0.953539
1.118019
0.615138
0.671351
0.864493
0.445259
0.928148

0.710959
0.602102
0.767324
1.148791
0.876465
0.740417
0.500021
0.621392
1.374476

0.252286

0.228
0.418159
0.637635
0.010916

0.752906
0.485538
0.645183
0.387031
0.576717
0.668055
0.711715
0.572552
0.889583
0.70353
0.809378
0.669127
0.478156
0.253552
0.226796
0.209612
0.506754
0.255326
0.423132
0.497378
0.002744
0.237436
0.410315
0.471153
0.516052
0.466636
0.335764
0.345801
-0.1999
0.3744

0.337487
0.202544
0.047951
0.627914
0.450136
0.327707

0.07291
0.392441

0.89633

-0.02354
-0.02005
0.138113
0.132722
0.037355

0.534258
-0.28626
0.042309
0.108106
0.247162
0.221592
-0.21154
0.270348
0.440444
0.531601
0.397911
0.460268
-0.17908
0.092146
0.034578
0.192977
-0.05545
0.331397
0.284649
0.588333
-0.30376
-0.10674
-0.00137
0.071777
-0.01637
0.239214
0.111085
0.147999
-0.30699
0.053308

0.058412
-0.07999

-0.2227
0.278322
0.175325
0.205655
-0.12108
0.075389
0.605554

-0.19803
-0.15282

0.13992
0.045931
0.047723

0.189436
-0.20619
0.250941
-0.02659
0.109209
0.078865

-0.0435
0.308657
0.569388
-0.00871
0.293314
0.251806

-0.0058
0.300906
0.005494
-0.26698

-0.0592

0.32347
0.378983
0.294945
-0.09307
0.029142
0.286308
0.084172
0.113047

0.32544
-0.14567
-0.11369
-0.45082
-0.15511

-0.02117
-0.03703
-0.13609
0.177996
-0.11959
-0.24978
0.00488
-0.13177
0.0402

0.030692
-0.21538

0.10488
0.161668
-0.45759

0.061337
-0.34846
-0.1244
-0.07342
0.111543
0.085378
-0.32566
0.093559
0.695259
0.436595
0.321713
0.38563
-0.74213
-0.00942
-0.32576
-0.20794
-0.35056
-0.04874
0.031931
0.176694
-0.26877
0.018555
0.142845
-0.06731
0.16417
-0.28184
5.44E-05
-0.12545
-0.479
0.128798

0.052457
0.034341
-0.23159
0.250961
0.412569
0.155808
-0.07446
0.098924
0.348412




AFUA_5G02850
AFUA_4G04280
AFUA_5G01200
AFUA_4G03830
AFUA_5G11100
AFUA_6G06470
AFUA_2G14970
AFUA 3G14490
AFUA_7G02120
AFUA_4G03490
AFUA_5G02840
AFUA_2G00210
AFUA_2G09030
AFUA_2G03860
AFUA_1G06590
AFUA_8G00920
AFUA_2G16900
AFUA_4G02840
AFUA_2G12630
AFUA_4G01290
AFUA_4G13630
AFUA 8G01370
AFUA_1G04575
AFUA_8G00780
AFUA_5G09910
AFUA_1G14500
AFUA_5G10950
AFUA_8G04620
AFUA_1G09030
AFUA 8G04310
AFUA_2G03010
AFUA_3G06020
AFUA_3G14440
AFUA_1G03040
AFUA_4G03010
AFUA_ 6G03510
AFUA_7G01010
AFUA 2G10240
AFUA_2G15290
AFUA_6G00680
AFUA_4G04230
AFUA_8G01860
AFUA_3G06720
AFUA_4G03940
AFUA_2G03730

hypothetical protein

AN zinc finger protein
carboxypeptidase S1

hypothetical protein

DUF775 domain protein

heat shock protein Hsp30-like
Gamma-butyrobetaine hydroxylase subfamily
Ketol-acid reductoisomerase
hypothetical protein
tripeptidyl-peptidase (TppA)

MES sugar transporter

hypothetical protein

secreted dipeptidyl peptidase DppV
plasma membrane low affinity zinc ion
phosphoglycerate mutase family protein
UDP-glucose dehydrogenase Ugd1
epoxide hydrolase

NmrA-like family protein

allergenic cerato-platanin Asp F13
endo-chitosanase, pseudogene

PE repeat family protein

CmcJ-like methyltransferase
hypothetical protein

hypothetical protein

nitroreductase family protein
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

cytochrome c subunit Vb

glyoxalase family protein
cytochrome c oxidase family protein
hypothetical protein

hypothetical protein

flavin containing polyamine oxidase
alcohol dehydrogenase

NAD binding Rossmann fold oxidoreductase
DUF636 domain protein
hypothetical protein

hypothetical protein

NmrA-like family protein

Thil/Pfpl family protein
ferric-chelate reductase

Ctr copper transporter family protein

0.526669
0.824895
0.527233
0.648631
0.854008
1.1863
0.541813
0.746186
0.720671
0.869706
0.640912
0.55114
0.678068
0.775947
0.631939
0.625032
0.572533
0.74671
1.016015
0.861675
0.701297
0.513339
0.746412
0.722202
0.347237
0.741982
0.739929
0.769585
0.925129
0.903601
0.510495
0.974104
0.861701
0.62411
1.079741
0.879882
0.554938
0.756078
0.888615
0.453018
0.517863
0.334671
1.04927
0.707168
0.883092

0.06525
0.426052
0.025962
0.290286
0.442966
0.560573
0.070219

0.46555
0.182474
0.394841
0.156971

0.0912
0.238491

0.23151

0.23531
0.182884
-0.04068
0.254652
0.399326
0.237442
0.199906
0.107303
0.182567

-0.08506
0.247047
0.465999
-0.05529
0.097161
0.476439
0.403531
0.228044
0.518234
0.319579
0.036185
0.329503
-0.04646

0.0088
0.498011
-0.17832
0.064032
0.253899
0.474658

0.93695
0.944575
0.820974

-0.31001
-0.16514
-0.30828
0.050326
0.012886
-0.24998
-0.15367
-0.01024
0.054459
0.054673
-0.06316
-0.29363
0.064687
0.113225

0.14372
0.054752

-0.1575
-0.14977
-0.22365
-0.31581
0.198744
-0.17572
0.119388
0.050548

-0.0385
0.180632
-0.04581
-0.18684

0.27165
0.332181
0.067126
0.317233

0.31759

-0.1868
0.317167
-0.29044
-0.25186
0.126403
-0.08575
-0.26302
0.073361
0.469801
0.652727

0.74735
0.530097

-0.18302
-0.09136
-0.10214
0.187586
0.220818
-0.12585
-0.16464

-0.0708

0.16324
0.165499
-0.21762
-0.19329
-0.15748
-0.09361
0.105116
0.071504
-0.14897
-0.01665
0.336137
-0.05256
0.378204
-0.07338
0.214545
-0.17031
0.151567
0.065953
-0.11697
-0.24177
0.366667
0.503018
0.272498
0.371539
0.223701
-0.13685
0.099768
-0.09006
-0.13652
0.124038
0.051187
0.135242

0.42247
0.022652
0.591441
0.727654
0.736377

-0.03605
0.202816
-0.15339
0.098668
0.286509
0.450821
-0.18895
-0.04567
0.097535
0.235158
0.032822
-0.18192
0.032789
0.058457
-0.18268
0.077642
-0.09586
-0.29904
0.177926
-0.00664
0.273737
-0.21216
0.109301
-0.14037
-0.42206
0.266076
0.035669
0.006138
0.014093
0.394709
0.094713

0.40341
0.114749
0.105125

0.03557
0.049924
-0.12348

0.11718
-0.02099
-0.47534
-0.50495
-1.32519
-0.70028
-0.95444
-1.37359




AFUA 6G13750
AFUA 1G10110
AFUA 1G15980
AFUA 3G12930
AFUA 3G12900
AFUA 1G13750
AFUA 2G12470
AFUA 4G11270
AFUA 3G13010
AFUA 4G14380
AFUA 6G09740
AFUA 3G14680
AFUA 3G14920
AFUA 1G02510
AFUA 1G01020
AFUA 3G12960
AFUA 5G00590

ferric-chelate reductase

TIM-barrel enzyme family protein
hypothetical protein

dimethylallyl tryptophan synthase SirD-like
MES transporter

C2H2 transcription factor (Rpn4)
acetylornithine aminotransferase
hypothetical protein

Zn-dependent hydrolase/oxidoreductase family
glutathione S-transferase

thioredoxin reductase GIiT
lysophospholipase Plb3

TAM domain methyltransferase
RNA-binding protein

Pfs, NACHT and Ankyrin domain protein
cytochrome P450 monooxigenase GliC-like
hypothetical protein

0.258256
0.615298
0.693967
0.602872
-0.31203
0.715532
0.283339
0.306921
0.279324
0.207751
0.107999
0.659725
-0.03279
0.934831
0.963387
0.347921
0.503926

0.464925
0.482333
0.456222
-0.20046
-1.05717
0.33631
-0.28819
0.010169
0.117123
-0.2837
-0.5484
0.467041
-0.16799
0.587738
0.539896
-0.168
0.025622

0.069771
0.320635
0.626154
-0.51166
-1.55465
0.096742
-0.362
-0.2977
-0.25196
-0.4332
-0.55382
0.128522
-0.42834
0.392068
0.050775
-0.52162
-0.37226

0.20062
0.319815
-0.00643
-0.31993
-1.21627
-0.55687
-0.80114

-0.2528
0.004103
-0.55477
-0.39643
0.399286
-0.34988
0.457787
0.069025
-0.17803
-0.14995

-0.59082
-0.04628
-0.00558
-0.70253
-1.52315
-0.06996
-0.56828
-0.55584
-0.67065
-1.67082

-0.8325
-0.57091
-0.67983
0.206286
0.435411
-0.70803
-0.54185




primer description sequence (5'->3')

1 IreA LA forward TTT CCA CTT ATC TTA TCA GG

2 IreA LA reverse GTC GTG ACT GGG AAA ACC CTG GCG AGG CTC CGT TCG ATC GAT TC
3 HY forward CGC CAG GGT TTT CCC AGT CAC GAC AAG TGG AAA GGC TGG TGT GC
4 HY reverse CTC CAT ACA AGC CAA CCA CGG

5 YG forward CGT TGC AAG ACC TGC CTG AA

6 YG reverse AGC GGA TAA CAATTT CAC ACA GGA TCG CGT GGA GCC AAG AGC GG
7 IreA RA forward TCC TGT GTG AAATTG TTA TCC GCT ATA TCT TAC GCG ATT TAT TCC
8 IreA RA reverse GCCGCATGATCCCTTTCACC

9 fphA LA forward GTT TAA CAT CCT CGA GCT AC

10 fphA LA reverse GTC GTG ACT GGG AAA ACC CTG GCG GTG GCT ATACCATCATTT GG
11 PHL forward CGC CAG GGT TTT CCC AGT CAC GAC AAG TGG AAA GG TGG TGT GC
12 PHL reverse TGC TCG CCG ATC TCG GTC AT

13 LEO forward GAC AAG GTC GTT GCG TCA GTC

14 LEO reverse AGC GGA TAA CAATTT CAC ACA GGATTA AAG CCT TCG AGC GTCC
15 fphA RA forward TCC TGT GTG AAATTG TTA TCC GCT AAA CAC CAT GGG GAG CTC TG
16 fphA RA reverse AAT TCT GCC AGC CGA GAA CG

17 IreA R' forward TTG GAT ACA TGA TAT CTT GCC

18 IreA R' reverse ATC GAG GGT CGG AAT AAATC

19 fphA R' forward TCT TGG CCT CAA ATC TGT GG

20 fphA R' reverse AAT AGG AGC AGA GAA AAAGC

21 B-tub qPCR forward TTC CCA ACA ACATCC AGA CC

22 B-tub qPCR forward CGA CGG AACCTA GCAGTG AA

23 actA gPCR forward GTC ACC ACT TTC AACTCC ATC

24 actA qPCR reverse AGA GTATTT ACG CTC AGG AGG

25 IreA qPCR forward AAT GAG AAA TCC AGA TGG TAC

26 IreA qPCR reverse AGA ACCTTC CGA CAA GAT GG

27 fphA gPCR forward TTC TGA GCC AAC CTG GAA CC

28 fphA gPCR reverse CAC AAT CGG CAT CTG AAT ATC

29 phrl qPCR forward ACCTCG ATC CTC AGT CCATAC

30 phrl qPCR reverse TTT GAA GCATTT GTT CAT GC

31 uvdE gPCR forward AAG AAG TAG GCA TGG GAG G

32 uvdE qPCR reverse GTG GAC GAG AGTTCTTAG G

33 mismatch rep. qPCR forward CAA GGA ATCGCT CGG CAAC

34 mismatch rep. qPCR reverse ACTTCT CCT CCT CGG TGCG

35 opsin qPCR forward CAT AGATGG CGAAGACAAC

36 opsin qPCR reverse TCATAG ATG GCG AAG ACA AC

37 benzo. rec. gPCR forward ATA TCT GGT CAA CAG CCA CAC

38 benzo. rec. qPCR reverse TCC GCG CAC CAA AGA ATAAC

39 acuD gPCR forward AGC AGG AGA CTT ACATCA AGA G

40 acuD gPCR reverse TTG GCACCACTCCATTTCTG

41 acuF qPCR forward TTC CACTTC ATC TCG GGT TAC

42 acuF qPCR reverse AAC GCT TTC CAC CAG TAG

43 Zn transporter gPCR forward TCATCC TGG AGT TCG GTATC

44 Zn transporter qPCR reverse ATG CAA ATC CCA GTA GGT AG

45 cyt. C. oxidase gPCR forward TGC CTA CTG GAT TGCTTT CGG

46 cyt. C. oxidase qPCR reverse GGT TGATTT TCT CAC GCT TAG
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