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Microbes live mostly in a social community rather than in a planktonic
state. Such communities have complex spatiotemporal patterns that
require intercellular communication to coordinate gene expression.
Here, we demonstrate that Cryptococcus neoformans, a model
eukaryotic pathogen, responds to an extracellular signal in construct-
ing its colony morphology. The signal that directs this community
behavior is not a molecule of low molecular weight like pheromones
or quorum-sensing molecules but a secreted protein. Znf2, a master
regulator of morphogenesis in Cryptococcus, is necessary and suffi-
cient for the production of this signal protein. Cfl1, a prominent
Znf2-downstream adhesion protein (adhesin), was identified to be
responsible for the paracrine communication. Consistent with its role in
communication, Cfl1 is highly induced during mating colony differ-
entiation, and some of the Cfl1 proteins undergo shedding and are
released from the cell wall. The released Cfl1 is enriched in the extra-
cellular matrix and acts as an autoinduction signal to stimulate neigh-
boring cells to phenocopy Cfl1-expressing cells via the filamentation-
signaling pathway. We further demonstrate the importance of an
unannotated and yet conserved domain in Cfl1's signaling activity.
Although adhesion proteins have long been considered to be media-
tors of microbial pathogenicity and the structural components of bio-
films, our work presented here provides the direct evidence supporting
the signaling activation by microbial adhesion/matrix proteins.
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ocial behaviors in microbes, such as cooperation in foraging,

differentiation, reproducing, and signaling, confer resistance to
harsh environments and bestow competitiveness when resources are
limited (1-3). Complex social behaviors in microbes are orches-
trated by precise communication within or between communities
and are best known to be initiated via secreted low-molecular-weight
molecules (LMWMs) (1, 4). Besides LMWMs (e.g., pheromones/
hormones), other intercellular communicatory mechanisms are
established in higher multicellular eukaryotes. For example, matrix/
adhesion proteins (adhesins) and some growth factors conduct in-
tercellular communications that are critical for cell migration,
proliferation, tissue patterning, and cellular differentiation (5—
10). The adhesion/matrix protein-mediated signaling is well
established in these higher eukaryotes with highly differential
tissues and the requirement of cellular differentiation based on
position cues (11). In “simple” microbes, matrix or adhesion
proteins have long been considered to be mediators of pathogenicity
and structural components of biofilms. Although some adhesion
proteins are shown to undergo shedding (12, 13) and potential
regulatory roles of adhesion/matrix proteins have been implicated in
previous studies on a variety of microbes (14-19), their signaling
function is unrecognized. Here, we present evidence of a microbial
extracellular adhesion/matrix protein signal that controls the for-
mation of complex communities and directs cellular differentiation
in the model fungal pathogen Cryptococcus neoformans.

Results

A Secreted Signal Controlled by the Zinc Finger Transcription Factor
Znf2 Regulates Colony Morphology in C. neoformans. Cryptococcus
is a ubiquitous environmental pathogen, and this fungus can
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develop communities with complex colony morphology and
yeast-to-hypha transition in response to environmental factors or
mating cues (Fig. 14) (19-22). We noticed that the wild-type
XL280 strain aggregated and formed a complex colony mor-
phology, generated hyphae and became fluffy, and grew more
invasively when it was in close proximity to a culture that con-
tained a mixture of cells of @ and a opposite mating types on yeast
extract peptone dextrose (YPD) medium (Fig. 1B and Fig. S14).
No such responses in this recipient were detected when a or
a cells alone were the donor (Fig. S1B). This suggests that se-
creted signal(s) from the nearby a+a coculture elicited the
responses. Disruption of Znf2, a master regulator of morpho-
genesis (19, 23), in the a+a donor cells severely reduced the
ability of the a+a mixture to elicit the responses from the re-
cipient strain (Fig. 1B and Fig. S14). This suggests that Znf2 is
a major regulator of the signaling. Consistent with this notion,
overexpression of ZNF2 in the o donor alone, in both a labora-
tory-generated strain and a clinical isolate, was sufficient to trig-
ger similar responses from the nearby recipient (Fig. 1D and
Fig. S1B).

The Paracrine Regulation of Colony Morphology Is Not Mediated by
Pheromone or Other Secreted Low-Molecular-Weight Molecules. This
paracrine communication regulated by Znf2 is unlikely attrib-
utable to sexual pheromones because the deletion of Znf2 does
not impair pheromone sensing or production (19). Furthermore,
a donor strain overexpressing Mat2 (MAT2°), a transcription
factor that induces high levels of pheromone production but not
ZNF?2 under this condition (19, 23), did not elicit the expected
responses from adjacent cells (Fig. 1 C and D).

Given the importance of LMWMs in fungal intercellular
communication (4, 24), we examined whether any LMWMs act
as the signals controlled by Znf2. Surprisingly, the signaling
molecules controlled by Znf2 are not LMWMs or gaseous
messengers, because a membrane with a molecular-mass cutoff
of 3 kDa blocked the communication when placed between the
ZNF2°¢ donor strain and the wild-type recipient strain (Fig. 1E).

The Cryptococcal Adhesin Cfl1, a Downstream Target of Znf2, Plays an
Important Role in Conducting the Paracrine Regulation of Colony
Morphology. We previously found that ~23% of the predicted
Znf2 regulon are secreted proteins (19). In contrast, only 4.3% of
the genome encodes secreted proteins, indicating that the Znf2
regulon is enriched with extracellular proteins (Fisher extract test,
P < 0.0001). Many secreted proteins under the control of Znf2 do
not contain any known domain associated with binding to the cell
wall or the plasma membrane and, thus, could be released and act
as signaling molecules. To test this hypothesis, we performed
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Fig. 1. Znf2 controls community behaviors in a paracrine manner. (A) Diagram depicting the pheromone and filamentation signaling pathways in Crypto-
coccus. The pheromone-sensing and response regulator Mat2 and the secreted pheromone signals form a positive-feedback loop. Under mating-inducing
environmental conditions, Mat2 turns on Znf2, which orchestrates morphogenesis and virulence partially through its control of adhesin Cfl1 (19). (B) Znf2 is
involved in the paracrine regulation of morphogenesis in the recipient elicited by the a+a coculture. All confrontation assays were performed on YPD media.
The colony morphologies of the recipient strain were photographed at 60 h in confrontation with the donors. (Scale bars: 500 pm.) See Fig. S1 for the effect of
Znf2 overexpression on the paracrine regulation of morphogenesis. (C) The pheromone gene MF1a is highly induced in response to the MAT2 overexpression.
(D) Overexpression of ZNF2, but not the pheromone (MAT2) in the donor, is sufficient to trigger paracrine responses in the recipient. (E) The signal molecule
regulated by Znf2 is likely large. The ZNF2 overexpression strain and the wild-type recipient were grown on YPD medium. A membrane with a molecular-mass
cutoff of 3 kDa was placed between the two strains. (F) The overexpression of CFL1 is sufficient to elicit paracrine responses in the recipient. (Scale bars: 200 pm.)

confrontation assays with strains overexpressing nine of these
secretory genes as the donors (Table S1). All of these nine genes
were previously shown to exhibit significant increase in expression
in the ZNF2 overexpression strain (19). The wild-type recipient
strain formed a biofilm colony and aerial hyphae only in response
to the donor strain overexpressing CFL1 (CFL1°°) (Fig. 1F). Cfil
is an adhesion protein that promotes flocculation and biofilm
formation (19). Intriguingly, CFLI is one of the most induced
genes during sexual development in wild-type Cryptococcus (Fig.
2 A and B). Our transcriptional results indicate that the induction
of CFL1 is comparable to that of pheromone-producing gene
(MF1a). Pheromone-producing genes are highly induced during
mating and their products directly serve as an autoinducer during
mating. This exceptionally high induction of CFLI further
strengthens the possibility that released Cfl1 product may act as
a signal to regulate cryptococcal community behaviors. Indeed,
the deletion of CFLI in the a+a donor cells considerably reduced
the responses in the nearby recipient strain, including adherence
to agar and filamentation (Fig. 2 C and D). This suggests that Cfi1
is a major factor controlled by Znf2 in this paracrine regulation.

Cfl1-Expressing Donor Cells Elicit the Expression of Endogenous Cfl1
in Neighboring Cells. Recently, we demonstrated that the activation
of Cfll or Znf2 promotes the formation of aerial hyphae and
complex colonies (Fig. S2) (19). Because the responses elicited in
the wild-type recipient strain resemble the phenotypes of the strain
with CFL1 overexpression (19), we postulated that the endogenous
Cfll is induced in the recipient strain, ultimately stimulating the
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formation of wrinkled colony and aerial hyphae. To test this hy-
pothesis, we used a strain harboring the Cfll protein fused with
mCherry under the control of the native CFLI promoter (Pcry ;-
CFL1-mCherry), which does not fluoresce when grown in isolation
(19) (Fig. 34). Strikingly, bright fluorescence was detected in the
Pcrp;-CFL1-mCheny strain when it was placed in close proximity
to the CFLI°¢ donor strain (Fig. 34). This indicates that the en-
dogenous Cfl1 in the recipient is indeed highly induced. Consistent
with this idea, when the Pcgy ;-CFLI-mCherry strain was mixed
with the nonfluorescent CFLI°® donor strain to form one single
colony, the fluorescence emitted from the wild-type Pcpy ;-CFLI-
mCherry cells became stronger (Fig. S3). These findings indicate
that Cfll can conduct autoinduction either inter- or intracolonially
in a paracrine manner.

The magnitude of the endogenous Cfll production and fila-
mentation in the recipient colony depends on the distance from
the CFLI°® donor strain (Fig. 3B), likely reflecting the strength of
the diffusible signals released from the donor strain. Interestingly,
after longer incubation (>4 d) in confrontation, the filamentation
on the distal side of the recipient colony became comparable or
even better than that on the proximal side. We think this phe-
nomenon is likely caused by greater extent of nutrient exhaust at
the proximal regions between the two colonies and/or higher levels
of accumulation of inhibitory factors/waste products generated by
both colonies with prolonged incubation.

To test whether the endogenous Cfll elicited by the donor
signal ultimately leads to the biofilm-like morphology and aerial
hypha formation, the c¢fl/ A mutant was used as the recipient in the
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Fig. 2. Cfl1is strongly induced during colony development and required for both paracrine signaling and adhesion to agar. (A) The histogram of the number
of highly differentially expressed genes (>fourfold) in the wild-type a+a (x x a) coculture at 72 h after mating induction in comparison with the initial state.
Inset highlights the genes with >64-fold of induction in expression. The original transcriptome data were obtained from a previous study (41). [Bin width:
Log, (fold change) =0.3.] (B) Transcriptional dynamics of MFT1a, ZNF2, and CFL1 during mating development. The a+a mixture was cultured on V8 juice agar
medium at 22 °C in the dark for the indicated time periods and total RNA was extracted for the transcriptional analyses by real time PCR. Both ZNF2 and its
downstream target CFL1 show a delayed transcriptional induction compared with the pheromone (Left). Such delay is expected given the role of pheromone
in the initiation of mating (23) and the role of Znf2 in directing hypha generation at later stages of mating (Fig. 1A) (19, 23). The level of transcriptional
induction of CFL1 is similar to that of the « pheromone at 10 h postmating induction (Right). (C) Cfl1 is involved in the formation of biofilm colony and aerial
hyphae in a paracrine manner. (Scale bars: Upper, 1 mm; Lower, 200 pm.) (D) Cfl1 is involved in controlling invasive growth in a paracrine manner. The o+a
coculture colonies of the wild-type strains, the znf2A mutants, and the cf/TA mutants were grown on YPD agar as the donors. After confrontation with the
recipient strain for 5 d, the plates were washed by cold water and the remaining invasive cells embedded in the agar were photographed. (Scale bar: 500 um.)

confrontation assay (Fig. 3C). Deletion of ¢fl] in the recipient only
reduced, but not did abolish, the responses stimulated by the
donor signal, suggesting that production of Cfll in the recipient
strain is not required for sensing or responding to the donor signal
(Fig. 3C). By contrast, disruption of ZNF2 in the recipient abol-
ished the donor signal-stimulated morphogenesis and the induction
of endogenous Cfll in the recipient strain (Fig. 3 C and D). This
indicates that Znf2 is not only critical for producing the paracrine
signal but it is also required for responding to that signal.

Cfl1 Can Undergo Processing, and the Shed Cfl1 Product Serves As
a Signal to Direct Colony Morphology and Autoinduction. We dem-
onstrated previously that Cfll is a cell wall constituent and a re-
leased factor (19). To understand the temporal and spatial pattern
of Cfll expression and localization under natural conditions, we
probed the wild-type Pcpp;-CFLI-mCherry strain during colony
development under mating-inducing conditions that naturally in-
duce the expression of this adhesin. Consistent with the role of
Cfl1 in the regulation of filamentation, the fluorescence signal was
tightly associated with the hyphal population (Fig. 44) (19). At the
early stage of filamentation, Cfl1 was localized in vesicles in the
majority of Cfll expressing hyphal population (Fig. 44). These
vesicles are similar in appearance to known secretory vesicles
described in other fungi (25, 26). During the late stage of colony
development, Cfll-mCherry could also be detected around the
surface of some hyphal tips and basidia (19). Released Cfil from
the intact wild-type colonies under mating-inducing conditions or
the CFL1¢ colonies was detected directly by colony immunoblot

Wang et al.

assays (Fig. 4B). Such released Cfll was not detected when its
predicted signal peptide for secretion was deleted (Fig. 4B). In-
terestingly, when the CFL1°° strain was grown on solid media with
a high surface tension, such as yeast nitrogen base (YNB) agar, the
colony was visually encased by a mucous matrix layer where the
released Cfll (designated as rCfll) was highly enriched based on
Western blot analyses (Fig. 4C and Fig. S44). However, such
a matrix layer was not observed when the secretion of Cfll was
disrupted by removing the signal peptide, indicating that the for-
mation of the matrix layer is associated with Cfll secretion (Fig.
S4B). The released Cfll was a cleaved C terminus containing
~two-thirds of the full-length protein (Fig. 4B and Fig. S44). The
cell wall-associated form of Cfll was the mature full-length protein
after the removal of the N-terminal signal peptide (Fig. 4B and
Fig. S4A4). This suggests that Cfll can undergo shedding and the
predicted cleavage site is immediately after the EGF motif with
a putative chitin-binding capability (Fig. S54) (27). The ability of
C. neoformans to shed Cfll appears to be highly efficient, because
rCfll was readily detected in the extracellular matrix from Cfi1-
expressing colonies (e.g., the wild-type a+a coculture and the
CFL1° strain) on the rich YPD medium (Fig. 4B). As expected,
extracellular rCfll was below the detection level in the strain
expressing the mutant Cfl1 allele without the signal peptide (Fig.
4B). The lack of signal was not attributable to a failure in pro-
ducing the mutant allele protein, because abundant full-length
Cfl1(sigPA)-mCherry was detected in the cell pellet (Fig. 4B).
Similarly, extracellular Cfll was not attributable to increased cell
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lysis because cell viability was similar in CFLI*, wild-type, and
CFL (sigPA)’¢ colonies (75.3%, 65.7%, and 68.4%, respectively).
This suggests that rCfll detected in the extracellular matrix was
derived from secretion by viable cells and not from released in-
tracellular proteins by dead cells.

Importantly, the secretion of rCfll is critical for the paracrine
regulation of morphogenesis and autoregulation mediated by
Cfll (Fig. 54 and Fig. S4C). The expression of Cfll(sigPA)-
mCherry by the donor strain was not able to stimulate the mor-
phological responses or the expression of endogenous Cfl1 in the
recipient strain. Collectively, the presented evidence raises the
possibility that Cfll can directly serve as an extracellular signal to
direct morphogenesis and autoinduction.

To verify this idea, we purified rCfl1 from the culture superna-
tant of Cryptococcus cells expressing CFL1 (Fig. 5B) and assessed
its paracrine function. The purified rCfll elicited expected
responses from the recipient strain, including the expression of its
endogenous Cfll (Fig. 5C), whereas BSA or digested rCfll frag-
ments did not. This indicates that rCfll is a functional signaling
molecule. The purified rCfll elicited weaker responses in the re-
cipient than the CFL1°¢ donor strain (Figs. 34 and 5C and Fig. S3),
likely because of some reduction in protein activity during the
purification process, the lack of a constant supply of fresh rCfil
proteins, or the absence of augmentative cofactors in the purified
rCfl1 proteins. The activity of rCfl1 with higher concentrations was
not tested because of protein precipitation at those concentrations.
Nonetheless, the evidence presented above demonstrates that the
transcription factor Znf2 promotes the formation of complex col-
ony morphology by activating the expression of its downstream
targets, including adhesin Cfll. Released Cfll acts as a signal to
stimulate nearby Cryptococcus cells to induce the production of
endogenous Cfll, forming a reinforcing positive-feedback loop.

The domain prediction analyses based on Pfam and motif scan
program (http://myhits.isb-sib.ch/cgi-bin/motif_scan) indicated
that Cfll possesses an EGF motif with a putative chitin-binding
capability and an amylogenic region with a predicted function in
mediating cell-cell adhesion at its N terminus (Fig. S54). How-
ever, the C-terminal region of the protein, corresponding to rCfl1,
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does not contain any annotated domain that is demonstrative of
its signaling activity. A Position-Specific Iterative BLAST analysis
with regions of low complexity masked revealed an 80-residue,
cysteine-rich region at the C terminus that is highly conserved
among Cfll homologs from different fungal species in the phylum
Basidiomycota (28) (Fig. S5 4 and B). Intriguingly, this putative
domain resides exclusively at the C termini of these homologs, and
all of these homologs are expected to function extracellularly
based on their predicted subcellular location (Fig. S5B). We des-
ignated this domain signal C-terminal domain (SIGC), given its
apparent association with secretion and its C-terminal location.

To further probe the possible common biological processes as-
sociated with proteins containing the SIGC domain, we searched
the Pfam and InterPro (www.ebi.ac.uk/interpro) databases for
other known functional domains that coexist with SIGC in these
Cfl1 homologs. Ontology analyses indicate that 90% of the domains
residing together with SIGC are associated with secretion, and 50%
are responsible for extracellular ligand-receptor interaction (Fig.
S5C). These results suggest that the SIGC domain may play a role in
the extracellular factor-mediated signal transduction.

Because both the released and the cell wall-bound Cfll con-
tain the SIGC domain, both forms of Cfll could be involved in
guiding the paracrine signaling and/or cell-cell contact. The
multifunctionalities of Cfll resemble those of matrix proteins
found in higher multicellular eukaryotes. These matrix proteins
regulate intercellular communication via a crosstalk through
growth factors that bind to receptors with intrinsic tyrosine ki-
nase activity, or through their direct interactions with some
members of this receptors family (8, 29-32). The coexistence of
SIGC and the receptor tyrosine kinase domain (Pfam accession
no. PF07699.8) in some of the Cfll homologs (Fig. S5C) is in-
triguingly suggestive of coevolution of these two domains. It also
suggests a general role of the SIGC domain in extracellular
matrix/adhesion protein-initiated signal transduction.

Discussion

LMWMs are widely found in microbes as communicatory signals
to regulate gene expression and community behaviors (1, 33). The

Wang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF3
http://myhits.isb-sib.ch/cgi-bin/motif_scan
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF5
http://www.ebi.ac.uk/interpro
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1308173110

B Cfl1::mCherry =
«— 290aa—>|€«236aa—>] O

&
Signal peptide > S
~ &
X oo
& ¢ & &
Colon
¥ |.|.| immur¥ob|ol

50 kDa
Extracelluar

- .. matrix

37 kDa
65 kDa

Cell lysate

50 kDa{.

Matrix
layer

Fig. 4. Cfl1 undergoes shedding during colony differentiation, and shed
Cfl1 is an important component of the extracellular matrix. (A) Cfl1-
mCherry is observed in hyphal-secretion vesicles at 24 h postmating stim-
ulation. (Scale bar: 20 pm.) See Materials and Methods for a detailed de-
scription of the experimental condition for the subcellular localization of
Cfl1-mCherry. (B) Released Cfl1 is derived from protein shedding. Diagram
of the mCherry-labeled Cfl1 detected by the antibody against mCherry. The
gray bar indicates the predicted signal peptide for secretion. The overlay
and immunoblot for Cfl1-mCherry are shown for the indicated cryptococcal
colonies. Western blot analysis for the products of mCherry labeled wild-
type CFL1 allele and the mutant CFL1(sigPA) allele in different fungal
colonies is shown below. “(x)” indicates the colony of XL280« harboring CFLT-
mCherry-fused gene under the control of the CFLT native promoter (Pcg -
CFL1-mCherry); “(a x a)" indicates the mating colony consisting of the equal
number of cells of opposite mating types, both containing the construct of
Pcr1-CFLT-mCherry; and “CFL1°¢ (a)"” and “CFL1(sigP)°¢ ()" indicate the
colonies containing mCherry labeled wild-type CFLT allele and the mutant
CFL1 allele that lacks the secretion signal, respectively. Both were con-
structed under the control of Pcrrs.2, SO that the transcriptional levels of
CFL1-mCherry could be highly induced by the addition of inducer (BCS) into
the medium. All of the cryptococcal colonies were grown on the same YPD
agar plate containing 200 uM BCS. (C) A matrix layer encases the CFL1°¢
strain. Strains were grown on YNB agar medium for 5 d and photographed.
The architecture of the colony edge is illustrated by a diagram (to the
right). (Scale bar: 1 mm.)

strength of regulation mediated by LMWDMs is dependent on the
dynamics of molecular diffusion (34). Because of their small sizes,
LMWDMs are well equipped to synchronize gene regulation across
the entire microbial community or even between communities.
Our experiments presented here indicate that the exogenous Cfll
signal exerts autoregulatory activity and that it guides community
behaviors. Cfll’s regulation on community behaviors is also dy-
namic and depends on the distance of the recipient cells and the
diffusion rate of Cfll proteins (Fig. 3B). Given the size of rCfll
(over 20 kDa) and the fact that it is highly enriched in the ex-
tracellular matrix of the cryptococcal community (Fig. 4 B and C
and Fig. S44), Cfll likely exerts a greater impact on a matrix-
connected subpopulation, rather than synchronizing the whole
community. Because Cfll is drastically induced and actively se-
creted when cells begin to enter the filamentation stage (Figs. 2B
and 44 and 4B), Cfll may serve as a matrix signal to regulate
filamentation. In C. neoformans, filamentation often occurs in
response to mating cues (35, 36), and it structurally and physio-
logically bridges early mating events (e.g., cell fusion) with late
mating events (e.g., fruiting body formation) (35). During mating,
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the induction level of CFLI is comparable to that of the gene
producing pheromone, an abundant extracellular signal control-
ling early mating events (Fig. 2B) that initiate subsequent mating
hyphal production. However, the effect of the released Cfll on
filamentation is unlikely mediated through enhancing the early
cellular responses to mating input based on the following evi-
dence. Firstly, CFLI exhibits a delayed transcriptional induction
compared with the early mating gene MFI« (Fig. 2B). Secondly,
Cfll is not required for cell fusion, and exogenous Cfll does not
influence cell fusion (Fig. S64). These results are consistent with
the established essential role of its upstream regulator Znf2 in
filamentation but not in cell fusion. Lastly, overexpression of
Cfll is able to drive filamentation under the condition that
suppresses cryptococcal mating behavior (Fig. S6B). Thus, the
paracrine regulation by the rCfll signal is likely dedicated to
filamentation, which occurs during the midstage differentiation
of a mating community.

Although Cfll provides an example of regulatory adhesins in
fungi, the regulatory role of adhesion proteins in modulating gene
expression and controlling cell differentiation, in addition to their
established structural role in cell-cell and cell-extracellular matrix
contact, has long been established in higher eukaryotes (37, 38).
The adhesive property of these structurally divergent molecules
(39) allows these adhesion proteins to physically interact with their
cognate partners presenting on the surface of cells or in the ex-
tracellular matrix (8, 37). Such interactions trigger appropriate
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Fig. 5. Released Cfl1 serves as a signal to direct community behavior and
autoinduction. (A) Secretion of Cfl1 is required for the paracrine regulation
on the expression of endogenous Cfl1 in the recipient strain. The Pcrgso-
CFL1-mCherry strain and the Pcrrq.2-CFL1(sigPA)-mCherry strain were used as
the donor strains in the confrontation assay. Both strains showed high level
of expression as indicated by strong cherry fluorescence under the inducing
condition in the presence of BCS. Only the expression of the wild-type CFL1
allele in the donor triggered the endogenous expression of P, ;-CFLT-GFP in
the recipient strain. (B) SDS/PAGE gel of purified rCfl1 with the His tag. (C)
Purified rCfl1 proteins drive morphogenesis and induce the expression of the
endogenous CFLT gene in the wild-type strain.

PNAS | July9,2013 | vol. 110 | no.28 | 11575

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308173110/-/DCSupplemental/pnas.201308173SI.pdf?targetid=nameddest=SF6

corresponding signaling-transduction events to regulate cellular
differentiation and growth. These lines of investigation in higher
eukaryotes provide substantial evidence supporting the signaling
and regulatory roles of matrix/adhesion proteins and underscore
their importance in development (11, 37). In contrast, studies on
adhesion or matrix proteins in both eukaryotic and prokaryotic
microbes have primarily focused on their roles in microbial path-
ogenesis or in biofilms as structural proteins. The Cfll communi-
cation system used by Cryptococcus may represent direct evidence
of adhesion/matrix protein-initiated signaling in microbes. How-
ever, given the pervasive existence of diverse matrix proteins in
microbes across different domains, and the multicellular-like social
behaviors of many microorganisms (e.g., fruiting body develop-
ment) (40), it is plausible that adhesins also play important regu-
latory roles in microbes.

Materials and Methods

Strains, Mating, and Phenotypic Assays. Strains used in this study are listed in
Table S1. Strains were maintained on YPD media unless indicated otherwise. See
SI Materials and Methods for a detailed description of the phenotypic assays.

Microscopic Examination for the Subcellular Localization of Cfl1. To examine
the subcellular localization of Cfl1::mCherry, the wild-type strain (XL280) har-
boring Pcr 1-CFLT-mCherry was grown on V8 or YNB (RPI corp) agar medium at
22 °C for 24 h before examination with a BX50 microscope. The fluorescence
signal of Cfl1-mCherry—expressing colonies was quantified using the Image)
analysis software.

RNA Purification and Quantitative PCR Analyses. The Purelink RNA kit (Invi-
trogen) was used for total RNA purification, and the SuperScript Il cDNA
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synthesis kit (Invitrogen) was used for the first strand ¢cDNA synthesis
according to the manufacturer’s instructions. See S/ Materials and Methods
for a detailed description of the quantitative PCR analyses.

rCfl1 Protein Purification from Cryptococcus neoformans. The cryptococcal
strain expressing Cfl1-Hisg protein was used here for rCfl1 protein purification.
See S/ Materials and Methods for a detailed description of the construction of
the plasmid for the expression of Cfl1-Hisg protein in C. neoformans and rCfl1
protein purification.

Colony Immunoblot for Secreted Cfl1. Wild-type o, a+a coculture, and over-
expression strains harboring the CFL1::mCherry-fused gene were inoculated
onto the same plate for the assay. See S/ Materials and Methods for a de-
tailed description of the colony immunoblot analyses.

Protein Extraction and Western Blot Analyses. Cryptococcal cells were in-
cubated on YPD plates for three days at 30 °C. Cells were then collected and
dispersed in the suspension buffer [100 mM Tris, 13% (vol/vol) glycerol] in
the presence of protease inhibitor mixture (100 ul/10 mL lysis buffer)
(Roche). See SI Materials and Methods for a detailed description of the
protein extraction and Western blot analyses.
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