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Conidiophores are reproductive structures that enable filamentous fungi to produce and disseminate large numbers
of asexual spores. The diversity in conidiophore morphology is sufficiently large to serve as a basis for fungal
systematics. Aspergillus and Penicillium species are members of the family Trichocomaceae that form conidiophores
with characteristic architecture. Whereas the Penicillium conidiophore appears to be a modified branched hyphal
structure, the Aspergillus conidiophore is seemingly more complex and includes additional cell types. Here, it is
proposed that the “aspergillioid” conidiophore may have evolved from a “penicillioid” ancestor via changes in
expression of key regulators of the cell cycle and the GTPase Cdc42. Because the transcriptional regulatory network
that controls conidiophore development in Aspergillus is well characterized, further study of how this network links
to regulators of the cell cycle and Cdc42 should provide fundamental insight into the evolution of developmental

morphogenesis in fungi (i.e., fungal evo-devo).
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Understanding the evolution of developmental and
morphological processes constitutes one of the pri-
mary goals of the field of “evo-devo” (evolution of
development). This field has generated significant
insight into the molecular mechanisms that cause
morphological variation in both animals and plants.
One key concept to emerge is the role that changes in
gene regulatory sequences play in producing varied
morphologies.' The resulting temporal and/or spa-
tial alterations in the expression of key genes that de-
termine cell shape and division patterns often trigger
profound differences in developmental outcomes.
By comparison to animals and plants, remarkably
little is known about the evolution of development
in the fungi. This is particularly surprising given
the wealth of resources and tools that are available
for studies of fungal evo-devo. For example, more
complete genome sequences are available for fungi
than for either animals or plants, and it is far simpler
to manipulate individual fungal genes.>™* Moreover,
fungi produce a striking array of fruiting structures
(e.g., mushrooms) that presumably reflect the oper-
ation of diverse developmental programs. One cen-
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tral question is whether change in the expression of
key morphogenetic genes underlies fungal develop-
ment to the same extent as it does in animals and
plants.

The Trichocomaceae are a family of fungi found
within the order Eurotiales.” This family contains
the well-studied genera Aspergillus and Penicil-
lium (note that a recent study has proposed that
the Trichocomaceae be split into three families:
Aspergillaceae, Trichocomaceae, and Thermoas-
caceae®). These genera develop asexual reproductive
structures (i.e., conidiophores) that are sufficiently
unique to be taxonomically informative. Notably,
conidiophore architecture becomes more complex
when the anamorphic genus Paecilomyces is com-
pared to Penicillium and Aspergillus (Fig. 1). In
Paecilomyces, conidiophores are essentially aerial
septate hyphae that are branched, with each branch
terminating in a phialide that generates spores in
a basopetal pattern. Penicillium conidiophores con-
sist of septate aerial hyphae that are branched, but
are more complex in that each branch terminates
in a whorl of phialides. Aspergillus conidiophores
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Figure 1. Conidiophore morphology in the Trichocomaceae.
Examples of conidiophores produced by Paecilomyces, Penicil-
lium, and Aspergillus. The Paecilomyces and Penicillium isolates
have not been identified to the species level. The Aspergillus
isolate is A. nidulans strain FGSC A4. The black arrow de-
notes the increased complexity of conidiophore morphology.
The morphological alterations associated with evolution of the
“aspergillioid” conidiophore morphology are indicated (st =
stalk, ve = terminal vesicle). Conidiophores were imaged using
the “sandwich slide” technique.” Bar, 3 pm.

feature several additional modifications that con-
tribute to their increased complexity, including (i)
the suppression of branching and septum formation
in aerial hyphae (i.e., the stalk), (ii) the formation
of a terminal swelling on the stalk that is known
as the vesicle, and (iii) in some species (i.e., those
that are biseriate), the introduction of an additional
tier of cells known as metulae, which in turn bud to
generate phialides.

Among the Trichocomaceae, the model fungus
A. nidulans is widely recognized for its ease of ge-
netic and postgenomic manipulation.”® As a result,
considerable progress has been made toward under-
standing the regulatory network that controls coni-
diophore development in this fungus.”!" Chemical
signals (e.g., FluG, Psi factors) and light are two
key environmental stimuli that govern the transi-
tion from hyphal growth into conidiophore devel-
opment.'>!? A network of regulatory factors known
as upstream developmental activators (UDAs) is
expressed during this transition (Fig. 2). Besides
acting to terminate hyphal growth and activate de-
velopment, these factors (i.e., FIbB, FIbE, FIbD, and
FIbC) also collectively promote the expression of the
central developmental pathway (CDP; Fig. 2). The
pivotal component of the CDP is the transcription
factor BrlA, which activates the transcription factors
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AbaA and WetA in a pathway that includes multiple
feedback loops and is regulated by additional mod-
ifiers (i.e., MedA and StuA). Notably, BrlA drives
the formation of all cell types up to and including
phialides, whereupon AbaA is needed for proper
phialide function.!* Most UDAs and components
of the CDP are conserved in other Aspergillus spp.,
as well as in Penicillium spp., which implies that
the overall architecture of this regulatory network
has been conserved within the Trichocomaceae.'% 1>
However, the downstream effectors of the UDAs
and the CDP are not well characterized. In A. nidu-
lans, the expression of genes involved in secondary
metabolism and spore maturation appears to be
directly regulated by BrlA and/or AbaA.'®!” Never-
theless, although conidiophore development neces-
sitates dramatic changes in the morphogenetic and
cell cycle programs that normally operate in grow-
ing hyphae, it is not clear how the UDAs— CDP
regulatory network triggers these changes.

A. nidulans has been used as a model fungus for
understanding fundamental features of the cell cycle
and hyphal morphogenesis.'®'* These studies have
exploited a wealth of available mutants defective in
diverse aspects of cell-cycle progression or morpho-
genesis. The characterization of developmental de-
fects in these mutants has yielded some insight into
the identities of the factors that could potentially un-
derlie the evolution of conidiophore morphology
in the Trichocomaceae. For example, a mutation
affecting the A. nidulans homolog of the tyrosine
kinase Weel (i.e., AnkA) causes dramatic defects
in conidiophore architecture (Fig. 3). These include
the appearance of septa in the stalk, the pronounced
absence of a terminal vesicle, and the failure to
properly undergo the transition from “hyphal-like”
growth of the stalk and vesicle to “yeast-like” growth
of metulae and phialdes. Weel is known to phos-
phorylate the tyrosine-15 (Y15) residues of the
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Figure 2. Regulatory network that controls conidiophore de-
velopment in A. nidulans. Note that FIbB and FIbE function as
partners to regulate BrlA. See the text for further details.
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Figure 3. Loss of AnkA function alters conidiophore morphology in A. nidulans. (A, B) Wild-type (strain FGSC A28) conidio-
phores. (C-F) Representative examples of ankA mutant (strain APK35) conidiophores. The ankA allele in APK35 was originally
named sntA1.*® Samples in panels B and D are stained with calcofluor white. Arrows in panel D denote septa present in the

conidiophore stalk. Bars, 5 um, except 2 pum in panel F.

cyclin-dependent kinase CDK1 (i.e., NimX in
A. nidulans), and in doing so maintains CDKI in
an inactive state during the G2 phase of the cell
cycle (Fig. 4).*° The removal of this phosphory-
lation by the phosphatase Cdc25 (i.e., NimT in
A. nidulans) is a requirement for mitotic entry.® Ac-
cordingly, the conidiophore defects caused by a mu-
tation in AnkA (or by mutation of the Y15 residue
of NimX?!) imply that imposition of a G2 cell cycle
delay is needed to inhibit septum formation in the
stalk and permit formation of the terminal vesicle.
Additional studies show that the ability to precisely
regulate the small GTPase Cdc42 is required for nor-
mal conidiophore development. RgaA is the A. nidu-
lanshomolog of the yeast GTPase-activating protein

(GAP) Rgal, which coverts Cdc42 from its active
GTP-bound state to an inactive GDP-bound state
(Fig. 4).2% Thus, the absence of Rgal results in Cdc42
hyperactivity and defective morphogenesis. In
A. nidulans, rgaA deletion mutants generate ab-
normal conidiophores that do not possess a termi-
nal vesicle and form metulae that resemble hyphae
(S. Harris, unpublished results). Moreover, the for-
mation of lateral branches is no longer suppressed
in these mutants. Genetic analyses demonstrate that
these defects likely result from improperly regu-
lated Cdc42 activity. These observations suggest
that Cdc42 activity must be downregulated at two
distinct points during conidiophore development:
(i) at the tip of stalk to stop polarized growth and
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Figure 4. Regulatory modules implicated in the control of
morphogenesis during conidiophore development. (A) The
CDK module. Weel maintains CDK in an inactive phospho-
rylated state. (B) The Cdc42 GTPase module. Rgal inactivates
Cdc42 by promoting its intrinsic GTPase activity. See the text
for further details.

enable formation of the terminal vesicle, and (ii)
following the emergence of metulae from the ter-
minal vesicle to facilitate the transition to “budding
growth.”

Based on the morphological comparisons, regu-
latory networks, and mutant phenotypes outlined
above, our conclusion is that the following hypoth-
esis provides a reasonable framework for under-
standing the key developmental transition points
that could lead to evolution of “aspergillioid” coni-
diophore from a “penicillioid” ancestor. First, the
elimination of septa from the stalk could be achieved
by suppressing NimX (CDK1) activity via AnkA.
Second, the terminal vesicle could presumably be
generated if the tip of the stalk were depolarized by
inactivation of the GTPase Cdc42. This could be ac-
complished by upregulating the GAP RgaA, though
downregulation of the Cdc42 GDP-GTP exchange
factor Cdc24 might also contribute to inhibition
of Cdc42 activity (Fig. 4). Third, the synchronous
emergence of buds (i.e., metulae or phialides) from
the terminal vesicle could require a burst of Cdc42
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activity that must be shut-off (via RgaA) to prevent
continued hyphal growth. A morphogenetic check-
point analogous to that which operates in the yeast
S. cerevisiae might provide a mechanism to couple
the burst of Cdc42 activity with the cell cycle to en-
sure that each bud possesses only a single nucleus.”
Finally, the timing of phialide differentiation could
determine whether a particular Aspergillus species
produces uniserate or biserate conidiophores. Be-
cause AbaA appears to specify phialide identity,'*
this step could be determined solely through the
temporal regulation of abaA expression. Each of the
transition points proposed in this hypothesis could
arise by the evolution of regulatory circuits that drive
changes in the temporal and/or spatial expression
patterns of genes such as ankA or rgaA. For example,
this could occur by recruiting these genes as targets
for regulation by one or more of the transcription
factors that compose the UDAs— CDP regulatory
network.

The postgenomic era has ushered in an array of
sophisticated tools that have significantly influenced
the fields of animal and plant evo-devo by facili-
tating comparative genomic studies. These tools are
now being applied in fungi as well, and offer consid-
erable promise for testing hypotheses such as the one
outlined above for the evolution of conidiophore de-
velopment in the aspergilli. For example, the use of
transcriptional profiling for comparative expression
analyses has yielded important insight into limb de-
velopment in animals.?* A similar strategy could
be used to compare gene expression during coni-
diophore development in A. nidulans to that of

Figure 5. Conidiophores produced by Hemicarpentales paradoxus strain NRRL 2162. Samples in panel B are stained with

calcofluor white. Bar, 3 pm.
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P. chyrsogenum. Such an approach would require the
ability to synchronously stage development across
both species using specific events such as phialide
formation as benchmarks. Another approach would
be to compile transcriptional profiles for mutants
defective in each component of the UDAs— CDP
regulatory network. This would begin to establish
regulatory links between individual transcription
factors and specific cell cycle or morphogenetic
events that underlie conidiophore development.
Comparisons of these “regulons” across other As-
pergillus or Penicillium species would then shed light
on how these regulatory links might have evolved. A
final approach could exploit the availability of un-
usual species whose conidiophore architecture is not
concordant with their phylogenetic placement.® As
an example, Hemicarpentales paradoxus belongs to
the Penicillium subgenus Penicillium (the new name
P. paradoxus will be proposed®), yet produces coni-
diophores with “aspergillioid” features that include
an apparent terminal vesicle (Fig. 5). Assembling the
genome sequence of this species would enable stud-
ies aimed at determining the molecular basis for
this difference. Natural mutations or variation of
this type have been extremely informative in studies
of animal and plant evo-devo.

Why study the evolution of conidiophore
development in the Trichocomaceae or other
ascomycetes? One compelling reason is that de-
velopment culminates in the production of coni-
diospores, which are the primary means by which
many important fungal pathogens of animals and
plants spread to the host. Accordingly, any informa-
tion gleaned from the study of conidiophore devel-
opment offers the potential to identify novel control
strategies that minimize spore production and
thereby reduce dissemination. However, a more im-
mediate benefit would be to provide the first clues
into how development and morphogenesis have
evolved in the fungal kingdom. Although fungi are
capable of developing complex multicellular repro-
ductive structures, it is not clear whether the evo-
lution of the underlying developmental pathways
follows the same principles that have emerged from
animals and plants.! Do regulatory networks consist
of sets of genes that share common cis-acting reg-
ulatory sequences? Have regulatory networks been
rewired by gains or losses of these regulatory se-
quences? Are there significant changes in the amino
acid sequences of key regulators that affect how
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pathways have evolved? The answers to these ques-
tions will hopefully emerge in the coming years as
fungal researchers begin to view development and
morphogenesis from an evolutionary perspective.

Acknowledgments

This work was supported by National Science Foun-
dation Grant 10S-0920504.

Conflicts of interest
The author declares no conflicts of interest.
References

1. Carroll, S.B. 2008. Evo-devo and the expanding evolutionary
synthesis: a genetic theory of morphological evolution. Cell
134: 25-36.

2. Martin, E, D. Cullen, D. Hibbett, et al. 2011. Sequencing the
fungal tree of life. New Phytol. 190: 818-821.

3. Nayak, T., E. Szewczyk, C.E. Oakley, et al. 2006. A versatile
and efficient gene-targeting system for Aspergillus nidulans.
Genetics 172: 1557-1566.

4. Ninomiya, Y., K. Suzuki, C. Ishii & H. Inoue. 2004. Highly
efficient gene replacements in Neurospora strains deficient
for non-homologous end-joining. Proc. Natl. Acad. Sci. USA
101: 12248-12253.

5. Berbee, M.L., A. Yoshimua, J. Sugiyama & J.W. Taylor. 1995.
Is Penicillium monophyletic? An evaluation of phylogeny in
the family Trichocomaceae from 188, 5.8S and ITS ribosomal
DNA sequence sets. Mycologia 87: 210-222.

6. Hourbraken, J. & R.A. Samson. 2011. Phylogeny of Peni-
cillium and the segregation of Trichocomaceae into three
families. Stud. Mycol. 70: 1-51.

7. Todd, R.B., M.A. Davis & M.J. Hynes. 2007. Genetic manip-
ulation of Aspergillus nidulans: meiotic progeny for genetic
analysis and strain construction. Nat. Protoc. 2: 811-821.

8. Osmani, A.H., B.R. Oakley & S.A. Osmani. 2006. Identifi-
cation and analysis of essential Aspergillus nidulans genes
using the heterokaryon rescue technique. Nat. Protoc. 1:
2517-2526.

9. Timberlake, W.E. 1990. Molecular genetics of Aspergillus
development. Ann. Rev. Genet. 24: 5-36.

10. Yu,J.H.,]J.H. Mah &J.A. Seo. 2006. Growth and developmen-
tal control in the model and pathogenic aspergilli. Eukaryot.
Cell 5: 1577-1584.

11. Etxebeste, O., A. Garzia, E.A. Espeso & U. Ugalde. 2010.
Aspergillus nidulans asexual development: making the most
of cellular modules. Trends Microbiol. 18: 569-576.

12. Rodriguez-Urra, A.B., C. Jimenez, M.I. Nieto, et al. 2012.
Signaling the induction of sporulation involves the interac-
tion of two secondary metabolites in Aspergillus nidulans.
ACS Chem. Biol. 7: 599-606.

13. Bayram, O., G.H. Braus, R. Fischer & J. Rodriguez-Romero.
Spotlight on Aspergillus nidulans photosensory systems.
Fungal Genet. Biol. 47: 900-908.

14. Sewall, T.C., C.W.Mims & W.E. Timberlake. 1990. abaA con-
trols phialide differentiation in Aspergillus nidulans. Plant
Cell 2: 731-739.

Ann. N.Y. Acad. Sci. 1273 (2012) 1-6 © 2012 New York Academy of Sciences. 5



Conidiophore development

15.

16.

17.

18.

19.

20.

Borneman, A.R., M.J. Hynes & A. Andrianopoulos.
2000. The abaA homologue of Penicillium marneffei
participates in two developmental programmes: conidiation
and dimorphic growth. Mol. Microbiol. 38: 1034—1047.
Stringer, M.A., R.A. Dean, T.C. Sewall & W.E. Timberlake.
1991. Rodletless, a new Aspergillus developmental mutant
induced by direct gene inactivation. Genes Dev. 5: 1161—
1171.

Mayorga, M.E. & W.E. Timberlake. 1990. Isolation and
molecular characterization of the Aspergillus nidulans wA
gene. Genetics 126: 73-79.

Morris, N.R. & A.P. Enos. 1992. Mitotic gold in a mold:
Aspergillus genetics and the biology of mitosis. Trends Genet
8:32-37.

Harris, S.D. 2006. Cell polarity in filamentous fungi: shaping
the mold. Int. Rev. Cytol. 251: 41-77.

Ye, X.S., R.R. Fincher, A. Tang & S.A. Osmani. 1997. The
G2/M DNA damage checkpoint inhibits mitosis through
Tyr15 phosphorylation of p34cdc2 in Aspergillus nidulans.
EMBO J. 16: 182-192.

22.

23.

24.

25.

26.

Harris

. Ye, X.S., S.L. Lee, T.D. Wolkow, et al. 1999. Interaction be-

tween developmental and cell cycle regulators is required for
morphogenesis in Aspergillus nidulans. EMBO J. 18: 6994—
7001.

Smith, G.R., S.A. Givan, P. Cullen & G.F. Sprague, Jr. 2002.
GTPase-activating proteins for Cdc42. Eukaryot. Cell 1: 469—
480.

Keaton, M.A. & D.J. Lew. 2006. Eavesdropping on the
cytoskeleton: progress and controversy in the yeast mor-
phogenesis checkpoint. Curr. Opin. Microbiol. 9: 540—
546.

Wang, Z., R.L. Young, H. Xue & G.P. Wagner. 2011. Tran-
scriptomic analysis of avian digits reveals conserved and
derived digit identities in birds. Nature 477: 583-586.

Lin, X. & M. Momany. 2003. The Aspergillus nidulans swoCl
mutant shows defects in growth and development. Genetics
165: 543-554.

Kraus, PR. & S.D. Harris. 2001. The Aspergillus nidulans snt
genes are required for the regulation of septum formation
and cell cycle checkpoints. Genetics 159: 557-569.

Ann. N.Y. Acad. Sci. 1273 (2012) 1-6 © 2012 New York Academy of Sciences.



