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Abstract: Candida albicans is an important opportunistic fungal pathogen of humans. Phenotypic plasticity is a typical
biological feature of C. albicans, which is associated with pathogenicity, host adaptation, and sexual reproduction. Biofilm
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of C. albicans is a complex community formed by different morphological types of cells (yeast, hyphae and pseudohyphae)
and secreted extracellular matrix. C. albicans biofilms are intrinsically resistant to antifungal drugs, the host immune
system, and environmental stresses. Biofilm is an important virulence factor and a major clinical challenge. With the
development of new technologies in global gene expression profiles and genetic manipulation, the regulatory mechanisms
that govern C. albicans biofilm development and drug resistance become more and more clear. Major regulatory
mechanisms involve the MAPK and cAMP signaling pathways and transcriptional regulators such as Bcrl and Tecl. In
addition, morphological transitions and sexual reproduction are also involved in the regulation of biofilm development. In
this review, we focus on the genetic regulatory mechanisms of biofilm including the roles of cell-wall related proteins,
transcription factors, and the MTL locus. In the last section, we also summarize the mechanisms of drug resistance of
biofilm in C. albicans.
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Fig. 1 Four steps of biofilm development in C. albicans.
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Table 1 Selected proteins involved in biofilm development in C. albicans

Name Role in biofilm development Functional description References

Ace2 Positive (in vitro and in vivo)  Transcription factor; involved in regulation of [22, 32, 115-116]
biofilm development

Adhl Negative (in vitro and in vivo) Alcohol dehydrogenase; restricts biofilm formation [79]
through an ethanol-dependent mechanism

Ahrl Positive (in vitro) Transcription factor; involved in regulation of [32, 117]
adhesion genes

Alsl/ Positive (in vitro and in vivo)  Cell-wall protein adhesin; involved in adherence to [22, 118]

Als3 vascular endothelial cells and oral epithelial cells

Berl Positive (in vitro and in vivo)  Transcription factor required for biofilm formation; [22-23, 32, 67]
involved in the early adhesion stage

Cas5 Positive (in vitro) Transcription factor required for adherence [32, 115]

Cdr1/ Positive (in vitro and in vivo)  Multidrug transporter; required for biofilm drug [100-103, 119]

Cdr2 resistance

Cphl Positive (in vitro and in vivo)  Transcription factor of filamentation on solid media [105, 120-121]
and pheromone-stimulated biofilms

Cshl Positive (in vitro) Cell-matrix adhesion; negative regulator of matrix [59-61]
production when ZAP1 is activated

Czfl Positive (in vitro) Transcription factor required for yeast adherence [22, 32, 115]

Eapl Positive (in vitro and in vivo)  GPI-linked cell wall protein; involved in the [22,59, 61]
cell-cell adhesion

Efgl Positive (in vitro and in vivo)  Transcription factor of biofilm development; [22-23, 32, 122]
involved in adhesion and hyphal formation

Flo8 Positive (in vitro and in vivo)  Transcription factor required for hyphal formation  [32, 123]

Gat2 Positive (in vitro and in vivo)  Transcription factor of biofilm development [23, 32]

Hwpl Positive (in vitro and in vivo)  Cell-wall adhesion; involved in adhesion step: [22, 48-49]
promotes physical contact between epithelial cells
and the fungal cells

Mss11 Positive (in vitro) Transcription factor required for hyphal growth [32, 124]

Mkcl Positive (in vitro) MAP kinase; role in biofilm formation, cell wall [81-82]
structure and contact-induced invasive filamentation

Ndt80 Positive (in vitro and in vivo)  Transcription factor of biofilm formation; involved [22-23, 32, 69]
in hyphal development

Nrgl Positive (in vitro) Negative regulator of filamentation; overexpression [22, 32, 74]
increases released cells

RIm1 Positive (in vitro and in vivo)  Positive regulator of matrix production [32, 125]

Robl Positive (in vitro and in vivo)  Transcription factor of biofilm formation [22-23, 32]

Tecl Positive (in vitro and in vivo)  Transcription factor required for hyphal formation [22-23, 67]
and biofilm development

Torl Negative (in vitro and in vivo) Negative TOR family phosphatidylinositol kinases; [126]
involved in regulation of adhesion

Ume6 Positive (in vitro) Transcription regulator of yeast-filament transition; [22-23, 74]
overexpression reduces released cells

Warl Positive (in vitro) Transcription factor required for yeast cell [32, 115]
adherence

Ywpl Negative (in vitro) yeast wall protein; possible role in dispersal in host; [55-56]
mutation increases adhesion and biofilm formation

Zapl Negative (in vitro and in vivo) Negative regulator of biofilm matrix production [32, 61, 115]
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