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Abstract
Candida albicans is a WHO “critical priority” human fungal pathogen for which biofilm formation on the
surface of medical devices is associated with bloodstream infections and antifungal drug resistance.
Our understanding of C. albicans biofilms is based primarily on studies of surface-adhered biofilms,
while the full spectrum of biofilm morphologies that C. albicans may use to persist in the host remains
underexplored. Here we show that C. albicans forms liquid-suspension biofilms when faced with a poorly
adherent surface, or following prolonged maturation of surface-adhered biofilms which exhausts
available surface for attachment. C. albicans liquid-suspension biofilms are resistant to the front-line
antifungal drug fluconazole and display a complex structure consisting of dense clusters of
heterogeneous cell morphologies (hyphal, pseudohyphal and yeast cells) connected to one another
through extensive hyphal networks. Liquid-suspension biofilms share transcriptional programs with
surface-adhered biofilms and are controlled by the same set of master transcriptional regulators. The
transcriptomic profiles of liquid-suspension and surface-adhered biofilms converge over time. Moreover,
after transfer to plastic surfaces, liquid-suspension biofilms can seed new surface-adhered biofilm
growth. Our study characterises a previously unappreciated suspension biofilm morphology of C.
albicans, shows that this is a bona fide drug-resistant biofilm with regulatory properties shared with
canonical surface-adhered biofilms, and demonstrates that C. albicans transitions between surface-
adhered and liquid-suspension biofilms depending on surface availability. Our findings establish C.
albicans liquid-suspension biofilms as a distinct biofilm morphology that is functionally tied to surface-
adhered biofilms and could serve as an antifungal- and immune-resistant dispersal mechanism.

INTRODUCTION
In natural and host environments microbes commonly grow in multicellular communities known as
biofilms. Biofilms are physiologically and structurally complex cellular communities, embedded in a
protective layer of extracellular material that provides a source of nutrients and protection against
environmental stress and antimicrobial drugs (1). Depending on the environmental context, microbes
can form functionally-distinct biofilm morphologies, varying by surface adhesiveness, species diversity,
viability and internal architecture (2). Canonical microbial biofilms differentiate following attachment to
biological or inert surfaces (3, 4). However, microbial biofilms can also occur in suspensions, forgoing
the need for surface attachment. This is best described for bacterial biofilms that form independently of
surface adhesion, for example in tissue fluid, thus defining surface-independent (aggregate) biofilms
which are morphologically distinct from surface-adhered biofilms (5). These surface-independent
bacterial biofilms are relevant in clinical, environmental and industrial settings, representing one of
several nuances to biofilm development that led to a recent review highlighting the shortcomings of
canonical models of bacterial biofilm formation that rely predominantly on studies of surface-adhered
biofilms (5).

In addition to bacteria, yeasts are also prolific biofilm formers. A key example is the human yeast
pathogen Candida albicans, for which biofilm formation is recognised as an important pathogenesis
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mechanism (6–8). C. albicans biofilms affect mucosal sites of infection and medically implanted
devices, including intravenous and urinary catheters, prosthetic joints and prosthetic heart valves (9).
These biofilms add considerable treatment cost through prolonged hospitalisation and replacement of
implanted devices (9). Biofilms worsen treatment outcomes through increased medical care needed to
replace implanted devices (6, 7) and expose patients to a risk of systemic, high-mortality C. albicans
infections in patients who are immunocompromised (6, 7, 10).

Despite the importance of biofilms in C. albicans disease, aspects of C. albicans biofilm development
remain underexplored. As is the case for bacteria, mechanistic studies of C. albicans biofilms have
focused predominantly on canonical, surface-adhered biofilms. The maturation of C. albicans biofilms is
commonly described as a four-stage cycle: adherence, initiation, maturation and dispersal (8, 11). First,
planktonic yeast cells adhere to a solid surface (adherence) before proliferation into an adhered, basal
layer (initiation). Maturation is marked by the transition to filamentous cell morphologies and deposition
of an extracellular matrix encasing a community of yeast, hyphal and pseudohyphal cells (8, 11). In the
final, least studied of these biofilm stages, mature biofilms release yeast cells that establish growth at
new sites (dispersal) (12, 13). An alternative to planktonic yeast cell dispersal has also been described,
in which sections of mature, surface-adhered biofilms shear away under flow conditions, potentially
seeding new biofilm growths elsewhere (14).

Biofilm differentiation is controlled by transcriptional programs, with six biofilm master transcription
factors (TFs): Bcr1, Brg1, Efg1, Tec1, Ndt80 and Rob1 (15). These master regulators predominantly
control two key aspects of biofilm formation: substrate and cell-cell adherence via adhesin gene
expression, as well as filamentous morphogenesis (15). Additionally, the transcription factor Zap1
regulates extracellular matrix maturation in C. albicans biofilms (16), while yeast cell dispersal is
regulated by the gene PES1, and also modulated by the activity of the transcriptional activator Ume6
(promotes filamentous morphology by activating the hyphal gene expression program) and the repressor
Nrg1 (promotes yeast morphology by repressing the hyphal gene expression program) (12).

While extensively studied, the canonical surface-adhered biofilms of C. albicans may not represent the
full spectrum of biofilm morphologies and functionalities that C. albicans can adopt for survival in the
host. For example, C. albicans can form surface-adhered microcolonies (17) and suspended “mini
biofilms” when co-cultured with the bacterium Clostridium perfringens (18). The mechanisms and
functions of these, and any other non-canonical biofilm morphologies, are not well understood. Here we
report an C. albicans biofilm morphology that is independent of surface adherence, that we named liquid-
suspension biofilms. We provide a detailed characterisation of this biofilm morphology, including its
functional connection to surface-adhered biofilms, potentially as an antifungal-resistant and stress-
tolerant dispersal mechanism.

RESULTS
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C. albicans forms structurally complex liquid-suspension
biofilms in the absence of an adherence-permissive
surface
Surface-adhered C. albicans biofilms can be cultured in vitro by seeding yeast cells onto a plastic surface
in a conducive culture medium, for example MOPS-buffered RPMI, pH 7 (19). These yeast cells
germinate into filamentous hyphal cells after adhering to the surface, followed by biofilm maturation (8,
11). C. albicans mutants with reduced adhesion are deficient in biofilm formation (20), and adhesion-
resistant surfaces lead to decreased biofilm growth (21).

We attempted to reproduce this by culturing C. albicans biofilms on agarose surfaces (in liquid RPMI
medium as above, SC5314 strain), predicting that poor adherence to the agarose surface would inhibit
biofilm formation. Growth along the agarose surface was sparse compared to the plastic surface, but
dense, irregular growths were observed in suspension (Fig. 1A). These growths were easily removed
from wells by aspirating culture suspensions. To a lesser extent, similar suspension growths were
observed for C. albicans biofilms cultured on plastic surfaces (Fig. 1A and Fig. 1B, right panel), although
the extent of this growth varied between biological repeats. Suspended aggregate growths also formed
in the presence of 10% Fetal Bovine Serum (FBS) and in filamentation-inducing Spider medium, tissue
culture Dulbecco’s Modified Eagle (DMEM) medium, as well as in rich YPD medium routinely used to
culture fungi, although to a lesser extent (Fig. 1B, left panel).

To quantify suspended growths, we constructed an ImageJ, machine learning-based imaging analysis
workflow to measure the total area of growth (Fig. 1C). This showed that C. albicans suspension growths
are significantly larger in the presence of an agarose surface compared to a plastic surface (Fig. 1D).
The imaging-based quantification was validated with XTT metabolic assays. With a plastic surface,
surface growth was high and suspension growth was low at 5 and 24 hours post-seeding (Fig. 2A). In
contrast, with an agarose surface, growth was higher in suspension than on the surface (Fig. 2B). The
rob1Δ/Δ mutant, which lacks one of the master biofilm regulators, showed low surface and suspension
growth in both plastic and agarose surface conditions, indicating that the suspension growth may be a
form of biofilm growth (Fig. 2C).

To investigate the architecture of the suspension biofilms at the cellular level, we longitudinally
sectioned formalin-fixed paraffin-embedded (FFPE) C. albicans liquid-suspension biofilms (Fig. 3A). This
allowed for a depth-dependent (z-axis) view of C. albicans liquid-suspension biofilm structures. Periodic
Acid-Schiff (PAS) staining showed a thick band of growth (~ 400–600 µm) with dense clusters of growth
closer to the air-liquid interface (Fig. 3A). Specimens were prepared for confocal microscopy by staining
cell walls (Concanavalin-A-488), intracellular protein (SYPRO Ruby) and nuclei (DAPI). This revealed that
these dense clusters of growth were interconnected by a vast network of hyphae (Fig. 3B). Along the
surface-liquid interface, growth was sparse (Fig. 3A, Fig. 3B), supporting a lack of surface growth for this
culture condition (Fig. 2B). Yeast and hyphal cell morphologies were seen inside the dense cell clusters
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near the air-liquid interface (Fig. 2B). Collectively, these findings show that C. albicans liquid-suspension
growths are highly organised multicellular structures that are distinct from surface-adhered biofilms and
planktonic growth.

Liquid-suspension biofilms share transcriptional regulation with
surface-adhered biofilms
To further understand liquid-suspension biofilms, we performed RNAseq at early (5 h) and mature (24 h)
timepoints, and compared them to canonical, surface-adhered biofilms (Fig. 4A). We also profiled
planktonic C. albicans cultures grown for 3 h in the same (RPMI) medium as controls. Data analyses are
presented in Datasets S1 (gene expression, Venn diagram data) and Dataset S2 (GO analysis results)
and the data can be interactively explored using our Degust viewer (link).

Relative to planktonic cultures, both liquid-suspension and surface-adhered biofilms showed a
pronounced transcriptional response at 5 h, which increased in mature biofilms at 24 h (Fig. 4B). Of the
upregulated genes in liquid-suspension biofilms at 5 h, 59% were also upregulated in surface-adhered
biofilms and the overlap increased to 69% at 24 h (Fig. 4C, Dataset S1). The overlap was smaller for the
downregulated genes at 5 h (22%) but it similarly increased to 53% at 24 h (Figure S1A). GO analyses
(Candida Genome Database GO term finder, REViGO tool to reduce redundancy) showed that genes
upregulated relative to planktonic cells in both biofilm morphologies were enriched in functions required
for cellular growth, translation, ribosome biogenesis, glycerol and amino acid metabolism, stress
responses, iron transport and adhesion (Figure S2A, Figure S3A, Dataset S2). This is in line with robust
biofilm proliferation. Genes downregulated in both biofilm morphologies were enriched for carbohydrate,
nucleotide and amino acid metabolism and transport, particularly at 24 h (Figure S2B, Figure S3B and
Dataset S2). This is consistent with nutrient depletion over time due to robust biofilm growth. Gene
ontology terms related to cytoskeleton, filamentation and stress responses were also downregulated
(Figure S2B, Figure S3B, Dataset S2), in line with a distinct morphology of both liquid-suspension and
surface-adhered biofilm relative to planktonic cells.

At 5 hours, the cell wall adhesin RBT1 (22) and the membrane lipid transporter RTA3 (23) genes were
upregulated in both biofilm morphologies: both with established roles in promoting biofilm formation
(Fig. 4B, top panel) (24). RTA3 is typically upregulated along with the transporters CDR1 and CDR2 in
fluconazole-resistant clinical isolates (23). CFL11 (FRE family member, NADPH oxidase gene), AAH1
(adenine deaminase gene) and PHO89 (inorganic phosphate transport gene) were also upregulated in
both biofilm morphologies at 5 hours: indicating that both morphologies enter a multi-nutrient
scavenging state in RPMI medium at an early stage (Fig. 4B, top panel). Two cell wall genes were
prominently upregulated in liquid-suspension biofilms, but not in surface-adhered biofilms: PGA31 and
YWP1 (Fig. 4B, top panel), which could be a consequence of the observed differences in biofilm
architecture (Fig. 3). The Rbt5-family surface heme-binding protein CSA2, required for heme-iron
catabolism (25), was amongst the mostly highly expressed genes in mature (24 h) liquid-suspension
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biofilms (Fig. 4B, bottom panel). Other prominently upregulated genes in liquid-suspension biofilms were
INO1 (inositol biosynthesis), PHO89 (inorganic phosphate transport), RTA3 (membrane lipid
translocation, roles in surface adhesion and azole resistance), SAP4 and SAP6 (aspartyl proteases)
(Fig. 4B, bottom panel) (23, 26–30). Deletion of CSA1, CSA2, PGA7, RBT5 and SAP6 results in reduced C.
albicans biofilm formation (28, 31–34). Along with INO1, SAP4 and PHO89, these genes are all also
upregulated in both liquid-suspension and surface-adhered biofilms at 24 h (Fig. 4B, bottom panel). The
most prominently upregulated C. albicans liquid-suspension biofilm genes therefore have established
roles in biofilm formation and are also upregulated in surface-adhered biofilms. Taken together, our
RNAseq data shows that liquid-suspension biofilms largely share a transcriptional response with
surface-adhered biofilms.

To identify differences between the two biofilm morphologies we performed pair-wise comparisons at
both time points. At 5 h, 223 genes were differentially expressed at least 2-fold between liquid-
suspension and surface-adhered biofilms, while at 24 h, 54 genes were differentially expressed between
the two biofilm morphologies (Dataset S1). The bigger difference at 5 h likely reflects the different
properties of the surface on which these biofilms were seeded (plastic versus agarose, i.e. high versus
low adhesion). The comparison further shows that the two biofilm morphologies converge over the
maturation time. GO analyses of genes differentially expressed in liquid-suspension biofilms relative to
adhered biofilms showed that, at 5 hours, liquid-suspension biofilms prioritise cell proliferation more
than surface-adhered biofilms and show reduced expression of metal transport and oxidative stress
genes (Fig. 4D and Dataset S2). At 24 h, mature liquid-suspension biofilms show upregulation of genes
involved in iron transport and homeostasis relative to surface-adhered biofilms, while they down-regulate
some metabolic pathways, including iron-dependent processes such as cellular respiration and electron
transport chain-related genes (Fig. 4D and Dataset S2). While iron-related genes are upregulated in
mature (24 h) surface-adhered biofilms relative to planktonic controls, an even greater upregulation of
iron genes is seen in mature (24 h) liquid-suspension biofilms (Fig. 4D, Fig. 4E). These changes are
consistent with the Sef1-Sfu1-Hap43 circuit switching on during iron limitation: encoding a heme
oxygenase (HMX1), ferric reductases (FRE10, CFL1), hemophores (CSA1, CSA2) and genes encoding FRE-
family proteins that mediate heme uptake (FRP1, FRP2) (Fig. 4E).

This indicates that the iron starvation response is more prominently induced in mature liquid-suspension
biofilms compared to surface-adhered biofilms. Iron chelation or supplementation (deferoxamine
mesylate, ferric citrate) had no effect on C. albicans liquid-suspension biofilms morphologies (Figure S4)
indicating that the iron response may be a consequence of liquid-suspension biofilm growth, rather than
a strict requirement.

Master transcriptional regulators of surface-adhered biofilms also
control C. albicans liquid-suspension biofilms
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In C. albicans, six master transcription factors regulate surface-adhered biofilm formation: Bcr1, Brg1,
Efg1, Ndt80, Rob1, Tec1 (15). To test their involvement in liquid-suspension biofilms, we cultured
mutants for these biofilm master regulators, along with SN250 (parental lab strain) and SC5314 (clinical
isolate from which the lab strain originated). An optimised liquid-suspension biofilm-generating agarose
assay was used (Fig. 1A) followed by evaluation of suspension growth (Fig. 5A). The dense, punctate
growths we had characterised for the liquid-suspension biofilms were absent in rob1Δ/Δ and efg1Δ/Δ,
and less pronounced in ndt80Δ/Δ, brg1Δ/Δ and tec1Δ/Δ (Fig. 5A). Quantification using the XTT assay
paralleled the morphology assessment and showed reduced liquid-suspension biofilms for rob1Δ/Δ,
efg1Δ/Δ, ndt80Δ/Δ and brg1Δ/Δ (Fig. 5B). The ability of each mutant to form surface-adhered biofilm
under our conditions (RPMI medium, pH 7, polystyrene plates) mirrored their ability to form C. albicans
liquid-suspension biofilms (Fig. 5B). Although the tec1Δ/Δ mutant showed a degree of XTT-quantified
growth that was comparable to the parental strain (Fig. 5B), the liquid-suspension morphology was
clearly compromised based on microscopic data (Fig. 5A). The bcr1Δ/Δ mutant appeared to form
normal C. albicans surface-adhered and liquid-suspension biofilms (Fig. 5A & B). This mirrors other
reports that the bcr1Δ/Δ mutant forms normal surface-adhered biofilms in RPMI medium (35, 36).

Drug resistance and dispersal capabilities of C. albicans suspension
biofilms
Antifungal resistance is a key functional trait of C. albicans surface-adhered biofilms (11). Sessile
Minimum Inhibitory Concentration (SMIC50) assays showed that, like surface-adhered biofilms, liquid-
suspension biofilms were resistant to the maximum concentration of fluconazole tested, while
planktonic cells were susceptible (Table 1). Mirroring this, the efflux pumps CDR1 and MDR1 and
membrane lipid transporter RTA3, associated with azole resistance, were upregulated in mature liquid-
suspension biofilms and surface adhered biofilms (Fig. 4E)(23, 37). In contrast to fluconazole, C.
albicans liquid-suspension biofilms were more sensitive to caspofungin compared to surface-adhered
biofilms, with sensitivity similar to that of planktonic controls (Table 1).
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Table 1
SMIC50 (sessile minimum inhibitory concentration) values of

antifungals against surface-adhered and liquid-suspension
biofilms.

Fluconazole

Morphology SMIC50 (µg/mL, 95% CI) R2

Surface-adhered biofilm > 25 0.652

Liquid-suspension biofilm > 25 0.595

Planktonic culture 0.322 (0.182–0.461) 0.977

Caspofungin

Morphology SMIC50 (µg/mL, 95% CI) R2

Surface-adhered biofilm 0.194 (0.069–0.320) 0.895

Liquid-suspension biofilm 0.072 (0.042–0.103) 0.983

Planktonic culture 0.068 (0.050–0.086) 0.986

Biofilms can disperse and seed infection at distal sites (12). Although robust C. albicans liquid-
suspension biofilms formed when a poorly adhered surface (agarose) was present, we also observed
dense, suspended growth in some mature, surface-adhered biofilms on plastic surfaces (Fig. 1B). We
therefore hypothesised that C. albicans can transition between surface-adhered and liquid-suspension
biofilms depending on surface availability, which may reduce when the surface is covered with the
mature biofilm. This is supported by the overall transcriptomic profile of surface-adhered biofilms being
more similar to that of liquid-suspension biofilms at 24 hours compared to 5 hours (r = 0.927 and r = 
0.755, respectively, Fig. 6A). This observation suggests that C. albicans liquid-suspension biofilms might
form after maturation of surface-adhered biofilms and aid in dispersal.

To test if C. albicans liquid-suspension biofilms could seed new surface-adhered biofilms, we transferred
mature liquid-suspension biofilms (24 hours) to plastic surfaces and measured growth (XTT assay)
along the surface after 5 hours (Fig. 6B). Supernatants were removed with P1000 pipette tips to ensure
that all liquid-suspension biofilm growths were removed from wells, and three PBS rinses were
performed before performing the XTT assay. This ensured that surface growth, not suspension growth,
was quantified. Supernatants from rob1Δ/Δ mutants (biofilm-deficient control) were also transferred to
plastic surfaces within these experiments and showed little to no surface growth. Liquid-suspension
biofilm-seeded wells showed substantial growth along the surface, likely corresponding with early-stage
surface adhered biofilm formation. Liquid-suspension biofilms derived from mature, surface-adhered
biofilms at 48 hours were imaged, and the area of growth quantified (Fig. 6C, Fig. 6D). Importantly, the
presence of suspended growths was confirmed with microscopy before collection (Video S1), and
supernatants were carefully collected without dislodging surface-adhered biofilms. While not as
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numerous as liquid-suspension biofilms observed in agarose surface conditions, liquid-suspension
biofilms were isolated from surface-adhered biofilms cultured in RPMI and SPIDER media (Fig. 6C).
While dense growths were observed in the suspensions of YPD-cultured biofilms, the high concentration
of planktonic yeast cells made these harder to interpret as C. albicans liquid-suspension biofilms-like
structures. Collectively, these data show that liquid-suspension biofilms form after the maturation of
surface-adhered biofilms, and can seed new biofilm with fluconazole-resistant cells.

DISCUSSION
Here we show that C. albicans spontaneously forms liquid-suspension biofilms. This occurs in the
absence of an adherent surface, such as in the liquid medium-agarose model that we established. It also
occurs following maturation of a surface-adhered biofilm, whereby biofilm maturation exhausts available
surface space triggering the transition from a surface-adhered to a liquid-suspension biofilm. The fact
that a surface-adhered biofilm can produce liquid-suspension biofilms after maturation supports a
functional relationship between these two biofilm morphologies. Most of our experiments used RPMI
medium, but we confirmed that liquid-suspension biofilms form in a range of media conditions. Our data
further shows that, as expected, with an adhesion-permissive surface C. albicans will preferentially form
surface-adhered biofilms. However, lack of a strongly adherent surface does not prevent biofilm
formation. Instead, it promotes the formation of liquid-suspension biofilms. This supports the idea that
biofilms are the preferred growth morphotype for C. albicans under a range of physiological conditions,
including within host tissues that resist surface biofilm establishment through adhesion-inhibiting mucin
barriers and epithelial cell turnover (38).

In addition to being formed after full maturation of surface-adhered biofilms, we further show that liquid-
suspension biofilms are azole resistant and can seed new biofilm growth, making them a potential
vehicle for biofilm dispersal. Dispersal is the least-explored of the four stages of biofilm development
(11). It has been predominantly characterized within the first 24 hours of biofilm growth, and defined as
the release of planktonic yeast cells (13). Whether planktonic yeast cell release remains the dominant
route for fully mature biofilms, particularly over longer, clinically-relevant timescales, warrants further
investigation. Our findings show that the development of suspension biofilms from surface-adhered
biofilms occurs at later stages of biofilm maturation, after 48 hours. Dispersing as an azole-resistant,
multicellular suspended biofilm could provide a stress- and immune-resistant mechanism to
disseminate, potentially affording more protection than dispersing as single yeast cells.

That the liquid-suspension biofilms are bona fide biofilms rather than simple aggregates is supported by
our transcriptomics data, which shows that they largely share transcriptional regulation with surface-
adhered biofilms, and are controlled by the same set of master transcriptional regulators. For example,
already at 5 hours there is almost a 60% overlap between upregulated genes in liquid-suspension and
surface-adhered biofilms, and by 24 hours the overlap is close to 70%. Moreover, several of the most
strongly upregulated genes in liquid-suspension biofilms at 24 hours, including CSA1, CSA2, PGA7, RBT5
and SAP6, have functionally validated roles in C. albicans surface-adhered biofilms (28, 31–34) and are
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also upregulated in surface-adhered biofilms in our experiments (Fig. 4B). Of the biofilm master
regulators, ROB1 and EFG1 are essential for the formation of liquid-suspension biofilms. NDT80, BRG1
and TEC1 are required but not essential, as mutants in these genes are able to grow some suspension
biofilms, but with less biomass and/or with compromised morphology (Fig. 5B). Taken together, these
findings show that liquid-suspension biofilms use the same regulatory networks as surface-adhered
biofilms.

Despite similar transcriptional programs as surface-adhered biofilms, our confocal imaging showed that
liquid-suspension biofilms are a distinct biofilm morphotype, characterised by dense growths of
heterogenous C. albicans morphologies (yeast, pseudohyphae and hyphae) that are interconnected by
vast hyphal networks (Fig. 3). This distinction is likely due to the difference in surface availability early in
biofilm formation, during which surface-adhered biofilms normally adhere to a surface and proliferate.
With a noticeable lack of surface adhesion, our imaging shows that C. albicans may be providing its own
growing scaffold to adhere to within suspension (Fig. 3). C. albicans provides growth scaffolds for
bacterial species in mix-culture biofilms (39), and similar scaffolding may seed and support the
development of liquid-suspension biofilms. Moreover, mature liquid-suspension biofilms showed
enrichment of iron acquisition and heme oxidation genes relative to surface-adhered biofilms, for
example HMX1, FRE10, CFL1, CSA1, CSA2, FRP1 and FRP2. There is very little iron in RPMI culture
medium used in our study (which is not supplemented with iron), but FBS and ferric citrate-
supplemented cultures showed no increase or decrease in the formation of liquid-suspension biofilms
(Figure S4). CSA1, CSA2 and CFL1 have roles in cell differentiation and adhesion that promote biofilm
formation: csa1Δ/Δ mutants have an aggregation defect (40), csa2Δ/Δ mutants show compromised
yeast-to-hyphal switching and reduced biofilm formation (31), and cfl1Δ/Δ mutants show reduced
adhesion to both abiotic surfaces and host epithelial cells (41). These phenotypes raise the possibility
that the iron starvation response reinforces biofilm-favouring cell differentiation.

The globular liquid-suspension C. albicans biofilm morphologies we describe (Fig. 3) are distinct from
the sheet-like structures of detached surface-attached biofilms, previously described as a distinct C.
albicans dispersal process under flow conditions by Sellam et al. (14). Supporting this assertion, our
liquid medium, agarose surface model shows that liquid-suspension biofilms form despite low surface
growth, confirmed both by XTT metabolic assays and depth-dependent view confocal microscopy (Fig. 2,
Fig. 3). These liquid-suspension biofilms are more similar to the suspended C. albicans growths termed
“mini biofilms” induced upon co-culture with C. perfringens, described by Fox et al. (18), showing that
suspension biofilms could be relevant for fungal-bacterial interactions.

Bacteria also form liquid-suspension biofilms and aggregates, which are relevant in several types of
bacterial infections that establish in tissue fluids, as reviewed recently (2, 5). C. albicans liquid-
suspension biofilms may similarly occur in clinical settings. Visible aggregates, ranging from solid
clumps to smaller, “snowflake”-like growths have been described for C. albicans infection-affected
patients with urinary catheters (42). These aggregates are typically a combination of C. albicans cells,
epithelial cells and leukocytes (42). In cases of vulvovaginal candidiasis, which is predominantly caused
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by C. albicans, a white, curd-like vaginal discharge is characteristic of infection (43), and microscopy of
these growths show a combination of hyphae, pseudohyphae and leukocytes (44). Therefore, suspended
host cells (epithelial cells and leukocytes) may offer C. albicans cells an adherence-permissive surface
for suspended biofilm formation. In C. albicans-associated cases of candidemia, blood smears showing
clusters of pseudohyphal cells are a common pathological feature (45, 46). More detailed microscopic
analysis of blood, urine and vaginal discharge from C. albicans-affected patients would establish
whether these suspended growths are a distinct liquid-suspension biofilm morphotype.

In conclusion, our study describes a liquid-suspension biofilm morphology for C. albicans that could aid
in the dispersal of surface-adhered biofilms with antifungal-resistant cells. This provides a mode of
dispersal that is additional to dispersing planktonic yeast cells. Understanding the roles of suspended
biofilm morphologies in diseases is an exciting question for future studies.

MATERIALS AND METHODS
C. albicans strains, storage and culture

C. albicans strains used in this study, listed in Table S1, were maintained as glycerol stocks (15%
glycerol) at -80°C. For reactivation, strains were streaked from frozen stocks onto YPD agar and
incubated at 30°C for 2 to 3 days. YPD agar plates (1% yeast extract, 2% peptone, 2% glucose, 2% agar
supplemented with 80 µg/mL uridine after autoclavation. Before seeding biofilms, single colonies were
used to inoculate YPD liquid cultures which were then shaken at 200 rpm, 30°C for 16 to 20 hours.

Biofilm culture: surface-adhered and liquid-suspension biofilms
Unless otherwise stated, biofilm assays were performed in RPMI-1640 medium without phenol red
(Sigma, #R8755) buffered with 165 mM MOPS and adjusted to pH 7.0 with sodium hydroxide, followed
by membrane filtration (0.2 µm). Where indicated, RPMI-1640/MOPS was supplemented with 10% Fetal
Bovine Serum (Bovogen Biologicals). Additional conditions tested were DMEM (Gibco #12100-061,
supplemented with 3.7 g/L sodium bicarbonate and 0.11 g/L sodium pyruvate), Spider (1% Oxoid
Nutrient Broth, 1% D-mannitol and 0.2% dipotassium phosphate supplemented with 80 µg/mL uridine
after autoclavation) and YPD (as above).

For liquid-suspension biofilms, log-phase YPD cultures were diluted to OD₆₀₀ 0.16 (an approximation of 3
x 106 cells/mL) into the relevant medium and seeded onto a surface of 2% low-melting-point (LMP)
agarose (Bio-Rad, #1613111). For surface-adhered biofilms, the equivalent cell suspension was seeded
directly onto an uncoated plastic well surface. Two plate formats were used depending on the
downstream assay: 1) 24-well format (Fig. 1, 3, 5A, 6C, 6D, all microscopy %FOV data): 500 µL 2% LMP
agarose per well (where applicable) and 500 µL of OD₆₀₀ 0.16 cell suspension, 2) 96-well format (Fig. 2,
5B, 6B, all XTT assays): 100 µL 2% LMP agarose per well (where applicable) and 100 µL of OD₆₀₀ 0.16
cell suspension. Plates were then incubated at 37°C with 60 rpm agitation for 90 min to allow for surface
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adherence. Medium was then aspirated, wells were rinsed with sterile PBS, and fresh medium added,
before returning plates to 37°C with 60 rpm agitation for a further 24 h (mature biofilm, 24 h). For the 48
h surface-adhered biofilm conditions (Fig. 6C, 6D), a second medium change was performed at 24 h
without a PBS wash step, to avoid disturbing the mature biofilm, and plates returned to 37°C with 60 rpm
agitation for a further 24 h.

XTT assays
Metabolic activity was assessed using the XTT Cell Proliferation Kit II (Sigma, #11465015001) as per
manufacturer instructions. To distinguish between surface-adhered and suspension growth (Fig. 2),
liquid medium with suspension growths was transferred to new wells before addition of XTT and
phenazine methosulfate (PMS) mixture (two wells per growth condition). For all surface-adhered biofilm
conditions (Figs. 2, 5 and 6), 100 µL of PBS was added to each well before XTT and PMS mixture was
added. After the 37°C incubation step (30 minutes, no agitation), the XTT reaction mixture for surface-
adhered biofilm or agarose layer conditions were transferred to new wells before absorbance reading (to
avoid background absorbance from biofilm or agarose). Importantly, aspiration of liquid-suspension
biofilms was done with P1000 pipette tips, as smaller tips failed to collect large, suspended growths.
Absorbance was measured on a Tecan Spark 10M (SparkControl V2.3, firmware ABS V4.2.10) at 492 nm
with a reference wavelength of 650 nm. Readings were background-corrected against media or PBS-only
control wells. Statistical tests and data plotting was performed in R (v4.5.2) using ggplot2 (v4.0.3).

Dissection microscopy and FIJI/ImageJ quantification
Biofilms grown in the 24-well format (above) were imaged using an Olympus MVX10 dissection
microscope at 4× magnification. Images were processed using the LabKit machine-learning
segmentation plugin within FIJI/ImageJ (Fig. 1C). For each independent biological repeat, one image of
liquid-suspension C. albicans biofilm was used to train a segmentation classifier, with
suspended/surface growth labelled as foreground and empty well area and well-border shadow labelled
as background and border, respectively. A batch macro applied this classifier to all images from the
same biological repeat and exported a .csv file of foreground pixel area. False positives (for example,
well-border artefacts) were identified by manually comparing input and output images and were
corrected manually where necessary. Foreground area was expressed as % field-of-view (FOV) coverage.
Statistical tests and data plotting was performed in R (v4.5.2) using ggplot2 (v4.0.3).

FFPE sectioning and confocal microscopy
Liquid-suspension biofilms were grown on a 2% LMP agarose surface (strain SC5314) in RPMI-
1640/MOPS (pH 7.0) as described above. 500 µL of 2% LMP agarose (Bio-Rad), cooled to near 37°C, was
gently added over the mature biofilm and incubated at 37°C for 1 h. The resulting agarose disc,
containing the two agarose layers sandwiching the biofilm, was removed (room temperature) and
trimmed to a 25×50 mm rectangle. This block was embedded within a further 2% LMP agarose pour in a
plastic mould (150×150×50 mm), set for 30 min, and trimmed with approximately 10 mm of padding
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around the encased sample. The trimmed block was placed between two biopsy pads in an FFPE
cassette and fixed overnight in 10% neutral buffered formalin before paraffin processing, embedding, and
sectioning by the Monash Histology Platform (MHP). Sections were cut at 5 µm onto Superfrost Plus
slides (Thermo Scientific).

For overview imaging, adjacent serial sections from the same paraffin block were stained with Periodic
Acid–Schiff (PAS) by MHP. For confocal imaging, sections were dewaxed by MHP, then permeabilised in
PBS with 2% Triton X-100 for 1 h at room temperature. Slides were stained for 1 h at room temperature,
protected from light, with Concanavalin A-FITC (1:200 dilution of 1 mg/mL stock, Sigma # C7642) and
DAPI (1:1000 dilution, Sigma # D9541) diluted in PBS with 0.5% Triton X-100. After a PBS rinse, slides
were again stained with SYPRO Ruby (1× working solution, Sigma # S4942) for a further 30 minutes,
followed by another PBS rinse. Slides were then mounted using DAKO fluorescent mounting medium
(Agilent, # S302380-2) under a 12 mm No. 1.5 coverslip, sealed with clear nail polish, and stored in the
dark at room temperature overnight prior to imaging. Confocal imaging was performed on a Zeiss LSM
980 with Airyscan detector, using a C Plan-Apochromat 63×/1.40 oil-immersion objective. Images were
acquired as tiled 512 × 512-pixel frames at 1.5× zoom with line averaging (2×) in unidirectional scan
mode, at 16-bit depth, and stitched using ZEN's Stitch-and-Fuse algorithm.

RNA extraction, RNA sequencing and transcriptomics
analysis
RNA sequencing was performed on the C. albicans strain SN425. YPD cultures, inoculated by single
colonies, were grown for 17h at 30°C with 200 rpm agitation, before seeding of biofilms (OD₆₀₀ 0.16) in
RPMI-1640/MOPS. For early (5 h) biofilm samples, 20 mL of cell suspension was seeded onto agarose-
layered (10mL of agarose per dish, liquid-suspension biofilms only) or uncoated (surface-adhered) petri
dishes, incubated at 37°C with 60 rpm agitation (allowing adherence for 90 minutes), washed with PBS,
and incubated at 37°C with 60 rpm agitation for a further 3 h, in 20 mL fresh RPMI-1640/MOPS. Surface
and suspension growths were then pooled and harvested into 50 mL conical tubes (surface biofilms
removed using cell scrapers, four tubes used per condition) and pelleted by centrifugation (3000 rpm, 5
min, room temperature). Then, 49 mL of supernatant was removed, and pellets resuspended in milliQ
water before transfer to 1.5 mL screw-cap tubes. These suspensions were then re-pelleted (3000 rpm, 5
min, 4°C). Supernatants were discarded, and remaining pellets were snap-frozen on dry ice and stored at
-20°C prior to extraction. For mature (24 h) biofilm samples, biofilms were grown in 6-well plates (600 µL
2% LMP agarose per well for liquid-suspension biofilms, no agarose for surface-adhered, seeding 1 mL
of cell suspension per well) at 37°C with 60 rpm agitation. At 24 h, surface-adhered and liquid-
suspension biofilms were removed (as described for 5 h biofilms above), and pooled into 50 mL tubes.
Biofilms were then pelleted by centrifugation (3000 rpm, 5 min, room temperature), resuspended in 1 mL
cold sterile milliQ water, transferred to screw-cap tubes, and re-pelleted (3000 rpm, 5 min, 4°C) before the
supernatant was discarded and the pellet was snap-frozen on dry ice. For planktonic samples, overnight
YPD cultures (as described for biofilm conditions) were diluted to OD₆₀₀ 0.3 in RPMI-1640/MOPS, grown
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for a further 3 h, then pelleted by centrifugation (3000 rpm, 5 min, room temperature), washed in cold
sterile milliQ water, and re-pelleted (3000 rpm, 5 min, 4°C) before snap-freezing.

Thawed cell pellets were resuspended in 400 µL TES buffer, then lysed by the addition of 400 µL acidic
phenol:chloroform for 1 h (5:1, 65°C, with vortexing every 15 min), followed by chloroform re-extraction,
sodium acetate/ethanol precipitation, and resuspension in DEPC-treated water. Extracted RNA was
treated with TURBO DNase (Invitrogen, #AM2238), followed by phenol:chloroform inactivation and
ethanol wash. RNA quality and yield were assessed by Nanodrop spectrophotometry (NanoDrop 2000,
Thermo Fisher Scientific USA) and 1% agarose gel electrophoresis.

Library preparation and RNA sequencing were performed using a NovaSeqX instrument with the Illumina
DRAGEN BCL Convert pipeline, as previously described (47). The Tail Tools pipeline (version 1.9) was
used to align reads to the genome and count UMIs (48). The reference genome used was Candida
albicans SC5314 assembly 21, supplemented with the AF167163.1 locus. Differential expression
analysis was performed in Degust (version 4.5) (49) using the limma-voom method (50), with genes
considered significantly differentially expressed at FDR < 0.05 and log₂ fold-change ≥ 1. A minimum CPM
value of 5 in at least 4 samples were used as the cut-off. There was a batch effect for replicate 1 relative
to replicates 2–4. Therefore, replicate 1 was used as a hidden factor in the analyses to correct for batch
effects. Volcano plots were generated in R (v4.5.2) using EnhancedVolcano (v1.28.2). Diverging bar plots
showing biofilm induced, biofilm repressed and “both” genes as a percentage of total gene number were
generated in ggplot2 (v4.0.3). Gene Ontology (GO) term enrichment analysis was performed using the
CGD GO Term Finder tool, with a background set of 6,672 genes, a p-value cutoff of 0.01, and Benjamini-
Hochberg correction for multiple testing. GO term lists for each condition were plotted in R (v4.5.2) using
CGD-exported TSV files alongside condensed REVIGO (51)- consolidated GO terms, used to reduce
redundancy among enriched terms by semantic similarity clustering (dispensability threshold < 0.1,
whole UniProt database background). Pearson correlation coefficients comparing log₂ fold-change
values between liquid-suspension and surface-adhered biofilms at each timepoint were computed in R
across all detected genes.

Antifungal susceptibility testing (sessile minimum
inhibitory concentration
Antifungal susceptibility assays of liquid-suspension and surface-adhered biofilms was based on
standardised XTT-based biofilm susceptibility methods of Ramage et al. (52) and Pierce et al. (19). All
assays used C. albicans SC5314. Biofilms were grown in the 96-well format described above for 24 h
(100 µL per well). Fluconazole (Sigma-Aldrich, #F8929; dissolved in DMSO) and caspofungin (Sigma,
#SML0425, dissolved in water) stocks (10 mg/mL) were diluted to top-well concentrations of 50 µg/mL
(fluconazole) and 5 µg/mL (caspofungin) and serially diluted two-fold across the plate in RPMI-
1640/MOPS. Antifungal dilutions were applied directly to 24 h-grown biofilms (100 µL solution per well,
final well concentrations: fluconazole 25-0.049 µg/mL; caspofungin 2.5-0.0049 µg/mL). A 0.25% DMSO
control (matching the DMSO concentration for the top fluconazole well) was included on each plate.
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Planktonic controls were prepared fresh at OD₆₀₀ 0.8 (from colony on YPD plate) and treated with the
same antifungal dilution series and DMSO control in parallel. Plates were incubated stationary at 37°C
for 24 h before metabolic activity was assessed by XTT assay as described above. Absorbance values
were background-corrected against media-only control wells and expressed as percent viability relative
to the DMSO vehicle-only control for each replicate. Dose-response curves were fitted in R using a four-
parameter log-logistic model (drc package, LL.4 function) to the mean of % inhibition at each
concentration. SMIC50 values (the antifungal concentration producing 50% inhibition of metabolic
activity relative to the untreated control) were interpolated using the ED function with delta-method 95%
confidence intervals, and goodness-of-fit was assessed by R² (1- SS_residual/SS_total) between fitted
and observed mean inhibition values.
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