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European temperate forests (such as to tropical
forests or to plant species other than trees). More-
over, if seed-dispersing animals are as crucial to the
persistence of plants as this and other studies suggest
(28, 29), then the combination of habitat loss with
direct and indirect removal of animals, to which
many of the world’s most diverse forests are subject,
is likely to have more drastic effects than either
perturbation alone. In these circumstances, animal-
dispersed species might be more, not less, sensitive
to habitat loss. This points to the maintenance of the
network of plant-animal interactions as a cornerstone
of conservation policy and to the need for more
studies of species responses to habitat loss.
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VelB/VeA/LaeA Complex Coordinates
Light Signal with Fungal Development
and Secondary Metabolism
Özgür Bayram,1 Sven Krappmann,1* Min Ni,2 Jin Woo Bok,3 Kerstin Helmstaedt,1,4
Oliver Valerius,1 Susanna Braus-Stromeyer,1 Nak-Jung Kwon,2 Nancy P. Keller,3
Jae-Hyuk Yu,2 Gerhard H. Braus1†

Differentiation and secondary metabolism are correlated processes in fungi that respond to light. In
Aspergillus nidulans, light inhibits sexual reproduction as well as secondary metabolism. We identified
the heterotrimeric velvet complex VelB/VeA/LaeA connecting light-responding developmental
regulation and control of secondary metabolism. VeA, which is primarily expressed in the dark,
physically interacts with VelB, which is expressed during sexual development. VeA bridges VelB to the
nuclear master regulator of secondary metabolism, LaeA. Deletion of either velB or veA results in
defects in both sexual fruiting-body formation and the production of secondary metabolites.

Secondary metabolites of fungi include
“friends and foes” of human health, such
as Aspergillis’ production of penicillin (1)

and the carcinogenic aflatoxin precursor sterig-
matocystin (ST), respectively (2). Secondarymeta-
bolic pathways are often tightly correlated with the
fungal developmental program and response to
external cues including light. The mold Asper-

gillus nidulans forms airborne asexual spores in
light but preferentially undergoes sexual repro-
duction in the dark (3, 4). The latter results in the

formation of sexual fruit bodies called cleistothe-
cia, which consist of different cell types, and an
increase in secondary metabolism (5). Mutations
resulting in defects in fungal development often
also impair secondary metabolism (6). There is
genetic evidence for a connection between fruit-
body formation, secondary metabolism, and light
in A. nidulans, but the molecular mechanism is
not known (7–9). One candidate for such a bridge
is the conserved velvet protein encoded by the
veA gene (10–12), whose expression increases
during sexual development (7). VeA transport
into the nucleus is inhibited by light (13). It acts
as a negative regulator of asexual development
(14) and antibiotic biosynthesis (15).

Biosynthetic genes for fungal secondary me-
tabolite are often clustered and regulated by
pathway-specific transcription factors (16, 17).
Secondary metabolism is also regulated at an
upper hierarchic level by a global epigenetic
control mechanism. The nuclear LaeA protein is
present in numerous fungi and is a master regu-
lator of secondary metabolism in Aspergilli (18).
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Fig. 1. Identification of VeA-
associated proteins in A. nidulans.
(A) Brilliant blue G-stained 10%
SDS–polyacrylamide gel electropho-
resis of TAP procedure for VeA. kD,
kilodaltons. (B) The polypeptides
identified from the bands of affinity
purification belong to corresponding
proteins (details in table S4). (C)
Domain mapping of the interactions
based on Y2H data (fig. S2). N, N
terminus; C, C terminus.
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The deletion of laeA, although not reported to
affectmorphological and developmental processes,
results in silencing of numerous secondary me-
tabolite gene clusters, including those responsible
for the syntheses of the antibiotic penicillin as

well as for toxins such as STor gliotoxin (17, 19).
It has been suggested that LaeA might control
accessibility of binding factors to chromatin re-
gions of secondary metabolite clusters because
the S-adenosyl methionine binding site of LaeA

(19) prevents heterochromatin maintenance of
some clusters (20).

We used tandem affinity purification (TAP)
(21–23) to identify VeA-interacting proteins (Fig.
1A and fig. S1A) (24). Final eluates of dark- and
light-grown A. nidulans carrying the functional
veA gene tagged at its C terminus by TAP tag
(veA::ctap*) were analyzed by mass spectrome-
try. We identified the velvet-like protein B (VelB)
(fig. S3, A and B), the regulator LaeA, and the a
importin KapA as proteins that interact with VeA
in the dark (Fig. 1B and table S4). In the light,
tagged VeA is hardly expressed (fig. S1B) and
only copurifies with VelB. Reciprocal affinity
purifications of tagged VelB and LaeA in the
dark confirmed the interaction partners, except
for the a importin KapA (fig. S1, C and D). Only
tagged VelB can additionally recruit the regulator
of sporogenesis VosA in the dark (25), which
seems to be an alternative binding partner for this
protein.

Yeast two-hybrid (Y2H) analysis (26) con-
firmed the VeA-VelB and VeA-LaeA interac-
tions, where VelB and LaeA do not interact in
this assay, suggesting that VeA acts as a bridge
between VelB and LaeA (Fig. 1C). The Y2H
VosA-LaeA interaction supports a role of LaeA
in development (fig. S2). The C-terminal part of
VeA interacts with LaeA, whereas the N-terminal
part of VeA, which includes the nuclear localiza-
tion signal (NLS), is required for interaction with
VelB (Fig. 1C and fig. S2). VelB, which is con-
served in the fungal kingdom, shares 18% amino
acid identity with VeA but has no typical NLS
(fig. S3B). Transcript analysis reveals that velB
expression increases like that of veA (7) at late
developmental stages (fig. S3C). The VeA-LaeA
and VeA-VelB interactions were visualized by bi-
molecular fluorescence complementation (BiFC)
in living cells (27). Distinct fluorescent specks
show that the VeA-LaeA interaction occurs in the
nucleus, whereas VeA and VelB interact in the
cytoplasm andwithin the nucleus (Fig. 2, A andB).

The physical interaction of VeAwith VelB, as
well as with LaeA, leads to the prediction that
VeA and VelB are functionally interdependent.
Similar to veAD, the velBD mutant (fig. S5A) no
longer displays a light-dependent developmental
pattern and is unable to form sexual fruit bodies,
even in the dark. Asexual sporulation in velBD is
impaired but not as strongly as in a veA deletion
strain. Reintroduction of the velB locus fully res-
cued all of the defects (fig. S5A). The veAD/velBD
double mutant exhibited a near-identical pheno-
type to that of the veAD single mutant. Neither
velB overexpression in a veAD background nor
veA overexpression in a velBD background res-
cued the defects of the individual mutants;
likewise, laeA overexpression could not rescue
secondary metabolite defects of veAD (fig. S6).
Unlike overproduction of VeA, overexpression
of velB in a veA+ background does not cause ex-
cessive production of cleistothecia, but it induces a
twofold increase in asexual sporulation in compar-
ison to the wild type (WT). This suggests that VeA

Fig. 2. BiFC studies of velvet complex components and their effect on ST production. (A) Enhanced
yellow fluorescent protein fused to the N terminus of veA gene (N-EYFP::VeA) interacts with
C-EYFP::LaeA in vivo, which is indicated as yellowish green specks in the nucleus. [Histone 2A red
fluorescent protein (H2A::mRFP) fusion visualizes the entire nucleus.] Interaction does not take
place in the whole nucleus but in certain points (gene clusters) that LaeA probably acts on
(indicated by arrows). Differential interference contrast (DIC) shows hyphal cells. (B) N-EYFP::VeA
fusion protein interacts with C-EYFP::VelB in the cytoplasm and nucleus. (C) ST production in
respective mutant backgrounds and WT at different time points. STs, ST standard; V20, 20 hours
vegetative growth; L, light; D, dark. 24 and 48 hour time points are shown. (D) Quantification of ST
production using thin layer chromatography: In the dark, more ST is produced in the WT. Deletion
of either laeA or veA results in no ST above background (denoted by B) fluctuations. Loss of velB
results in basal ST production in dark.

Fig. 3. Subcellular localization of the subunits of the velvet complex. (A) VeA-, LaeA-, and VelB-sGFP
localizations in the presence or absence of light. VeA-sGFP shows light-dependent nuclear enrichment
(counterstained with H2A::mRFP for visualization of the entire nucleus). (B) Nuclear/cytoplasmic GFP
signal ratio of 100 hyphal cells each (Openlab software 5.0.1) (28). Growth in the dark results in increased
nuclear and decreased cytoplasmic fluorescence for VeA. VelB and LaeA distribution is hardly affected by
illumination.
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controls the number of sexual structures, whereas
VelB has additional developmental functions.

Secondary metabolism is impaired in veAD,
resulting in a similar brownish pigment (8) as is
produced by the velBD strain. Changes in gene
expression and in LaeA activity were monitored
in the veAD and velBD strains (Fig. 2, C and D,
and figs. S5, B and C, and S7). ST production is
abolished in veAD and laeAD strains. In contrast,
reduced and delayed but significant ST production
in velBD suggests residual activity of a VeA/LaeA
complex in the dark

VeA is enriched in the nucleus in the dark
(13), whereas VelBwas found in both the nucleus
and the cytoplasm and is hardly affected by illu-
mination (Fig. 3, A and B). Because LaeA is
constitutively nuclear (Fig. 3, A and B) (18) and
the interaction of VeA and LaeA occurs in the
nucleus (Fig. 2A), VelB has to enter the nucleus,
despite the lack of an obvious NLS to fully
control LaeA. Localization of the VelB-sGFP
fusion protein (where GFP is green fluorescent
protein) in a veAD background is shifted toward
the cytoplasm, whereas the presence of VeA
increases the nuclear localization of VelB (Fig. 4,
A and B). This suggests that VeA can assist VelB
to allow an enhanced transport into the nucleus.

Our data suggest that the mechanism under-
lying the coordinated regulation of sexual devel-
opment and secondarymetabolism inA. nidulans
might be the interaction between the key develop-
mental regulatory complex VelB/VeA and LaeA.
We propose that in the dark the VelB/VeA/LaeA
velvet complex interaction controls and presum-
ably supports the epigenetic activity of LaeA,
which subsequently controls the expression of
secondary metabolite gene clusters. In the light,
this interaction is diminished because we find
less VeA protein, and the entrance of the bridging

factor VeA to the nucleus is decreased. Because
the absence of LaeA has a minor impact on
development, VeA and VelB have presumably
additional functions in fungal differentiation.
This is also supported by the identification of
VosA, a recently identified regulator of fungal
sporogenesis (25), as an additional binding part-
ner of VelB (fig. S1, C and D, and table S4).

A. nidulans produces many compounds rele-
vant to biotechnology and human health and is a
well-suited model for the analysis of the interplay
between secondary metabolism, light, and differ-
entiation. A. nidulans grows vegetatively in the
soil by hyphal tip extension until competent for
development and secondary metabolism (3). Light
triggers asexual development, corresponding to the
release of high numbers of asexual spores (conidia)
into the environment. These phenotypes correlate
with the light-dependent cytoplasmic localization
of VeA, the constitutive nuclear function of LaeA,
and the partial nuclear localization of VelB, re-
spectively. Under light conditions, when low
amounts of VeA and VelB are present in the
nucleus, the secondary metabolism regulator LaeA
seems to be primarily active in those hyphae that
are not exposed to light. Accordingly, the dele-
tion of laeA results in a loss of mycelial pigmen-
tation at the bottom of the colony (18).

The newly described fungal protein VelB, in
conjunction with VeA, connects light-dependent
development to LaeA-controlled secondary me-
tabolism in A. nidulans. We present evidence that
the formation of this complex is the molecular
basis that synchronizes developmental and meta-
bolic changes to the disappearance of light. We
propose to designate this trimeric complex the
velvet complex.We suggest that VelB/VeA is part
of the epigenetic control of chromatin remodeling
by modulating LaeA methyltransferase activity

(16–18). We propose a scenario (Fig. 4C) in
which VeA is functionally active in the dark,
forms a complex with increased amounts of VelB,
and enhances the transport of VelB to the nu-
cleus. Because VeA and VelB are both partially
nuclear, even in the light, we presume a certain
threshold is probably necessary to initiate sexual
development and control LaeA.

Fungal morphogenesis and secondary metab-
olism have traditionally been viewed as separate
fields. Our studies on the VelB/VeA/LaeA velvet
complex elucidate the molecular mechanisms
underlying the intimate relation between fungal
development and secondary metabolism.

References and Notes
1. A. A. Brakhage, FEMS Microbiol. Lett. 148, 1 (1997).
2. J. Hicks, K. Shimizu, N. P. Keller, in The Mycota, vol. 11,

F. Kempken, Ed. (Springer, Berlin, 2002), pp. 55–69.
3. T. H. Adams, J. K. Wieser, J.-H. Yu, Microbiol. Mol. Biol. Rev.

62, 35 (1998).
4. J. Purschwitz et al., Curr. Biol. 18, 255 (2008).
5. G. H. Braus, S. Krappmann, S. Eckert, in Molecular

Biology of Fungal Development, H. D. Osiewacz, Ed.
(Marcel Dekker, New York, 2002), pp. 215–244.

6. A. M. Calvo, R. A. Wilson, J. W. Bok, N. P. Keller,
Microbiol. Mol. Biol. Rev. 66, 447 (2002).

7. H. Kim et al., Fungal Genet. Biol. 37, 72 (2002).
8. N. Kato, W. Brooks, A. M. Calvo, Eukaryot. Cell 2, 1178

(2003).
9. S. Busch, S. E. Eckert, S. Krappmann, G. H. Braus,

Mol. Microbiol. 49, 717 (2003).
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Fig. 4. VeA supports nuclear localization of VelB and formation of the velvet complex. (A) Fluorescence
patterns in strains expressing velB::sgfp in the dark in veA+ and veAD backgrounds. (B) Nuclear/
cytoplasmic GFP signal ratio of 100 hyphal cells each. Nuclear signal intensity is higher in the veA+ strain
background than in veAD. (C) Model: (Light) VeA is mostly retained in the cytoplasm, VelB supports
asexual spore formation, and LaeA shows low activity. (Dark) An increased amount of VeA is imported into
the nucleus by KapA and, in addition, supports the nuclear transport of VelB. Dotted lines indicate the
decreased amount of VeA that is present in the cell in the light and the impairment of VeA nuclear
transport in the light. VelB/VeA control development and LaeA activity by formation of the velvet complex
that affects secondary metabolite clusters expression.
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