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Quorum sensing in Candida albicans: farnesol versus

farnesoic acid
Wayne R. Riekhof and Kenneth W. Nickerson

School of Biological Sciences, University of Nebraska — Lincoln, Lincoln, NE, USA

Candida albicans is a clinically important dimorphic
fungus that exhibits either a budding yeast or a myce-
lial-hyphal or pseudohyphal growth, depending on
environmental conditions. The yeast-to-mycelia mor-
phologic transition, which is generally regarded as an
important virulence determinant [1], depends on the
inoculum size of liquid cultures. The yeast form is
favored when cultures are inoculated at > 10°
cellsmL™", whereas the mycelial form is favored at
inoculum densities < 10®mL~!. Farnesoic acid (FA)
and farnesol (FOH) are two related sesquiterpene quo-
rum-sensing molecules (see Fig 1 for stuctures and
abbreviations) that, upon accumulation, prevent the
yeast-to-mycelial conversion. Oh et al. [2] showed that
C. albicans strain ATCC 10231 excretes FA, while
Hornby et al. [3] showed that C. albicans A72 and
SC5314 excrete FOH. Subsequent work indicated that
10231 was the only isolate of C. albicans that fails to
produce detectable FOH [4]. Moreover, when tested on
C. albicans A72, FA had only 3.2% of the hyphal-inhi-
bitory activity relative to FOH [5]. These observations
raised two questions: 1., Do FOH and FA block myce-
lial development via the same molecular mechanism;
and 2., What is the biochemical or physiologic differ-
ence in strain 10231 that underlies excretion of FA and
not FOH?

Do farnesol and farnesoic
acid share a common
mechanism of action?

This question has now been partially answered by Ahn
et al. [6], who explored how FA blocks mycelial devel-
opment of C. albicans SC5314. Previously, the same
authors had shown that CaPHOS8I, a key component
of the phosphate starvation response signal transduc-
tion pathway [7], is required for inhibition of hyphal
development by FA [8]. The pho8IA mutant cells

Abbreviations

existed exclusively as filaments and were insensitive to
inhibition by FA. In the current study, they have iden-
tified a previously unknown transcriptional activator
of PHOSI, CaHotlp (orf 19.3328), which binds to the
PHOS81 promoter region and induces the expression of
PHOS1 in response to FA treatment. Similar to the
pho8IA strain from their previous work, the hotlIA
mutant cells grew exclusively as filaments and were
insensitive to FA inhibition of hyphal morphogenesis.
Most critically, two lines of evidence indicated that
FOH and FA, despite their close chemical similarity
(Fig. 1), use separate pathways to block hyphal devel-
opment. First, the hot/IA mutant cells had lost their
sensitivity to FA but remained sensitive to FOH. Sec-
ond, the mRNA abundance of HOTI and PHOSI
increased dramatically between 40 and 240 min follow-
ing treatment with FA, but remained unchanged fol-
lowing treatment with FOH [6]. Indeed the study of
PHOS81 and HOT1 was driven in part by the previous
finding that these genes were among those induced in
C. albicans 10231 following the addition of FA [9].
This dichotomy between FOH and FA responses is
analogous to that described by Hall ez al. [10] who
showed that FOH and 3-oxo-C;,-homoserine lactone,
a quorum-sensing molecule secreted by Pseudomonas
aeruginosa, block hyphal development by a different
pathway from that used by the 12-carbon alcohol
dodecanol. Dodecanol exerted its effects through a
mechanism involving the C. albicans hyphal repressor
Sfllp. Deletion of SFLI did not affect the response to
FOH but did interfere with the response to dodecanol.
Importantly, Sfllp can also be activated by the bacte-
rial signaling molecules DSF (cis-1-methyl-2-dodece-
noic acid) and BDSF (cis-2-dodecenoic acid), which
are structurally and functionally related to FA [11].
Our working hypothesis is that farnesoic acid aligns
with DSF and BDSF since they are all organic acids
with 12-carbon chain lengths.

BDSF, cis-2-dodecenoic acid; DSF, cis-1-methyl-2-dodecenoic acid; FA, farnesoic acid; FOH, farnesol.
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Fig. 1. Structures and biosynthesis of sequiterpene quorum-sensing molecules in C. albicans. The most likely explanation for FA production
by strain 10231 is the presence of an active farnesol and farnesal dehydrogenase pathway in this strain, and its absence from other clinical
isolates. The identities of these dehydrogenases are currently not defined.

An apparent paradox in the regulation
of hyphal morphogenesis by
CaPho81p

Phosphate starvation in fungi results in an induction of
high-affinity phosphate transporters, the secretion of
acid and alkaline phosphatases, and the reorganization
of cellular metabolism. This allows cells to acquire more
of, and to cope with the limitation of, this critical
macronutrient. Regulation of genes that are induced by
phosphate starvation is well characterized and essen-
tially conserved in ascomycetes such as C. albicans and
S. cerevisiae [7], and the core regulatory elements are
detailed in Fig. 2. Briefly, phosphate starvation-respon-
sive genes are under the control of the transcriptional
activator Phod4p, which is maintained in a hyperphos-
phorylated, inactive state by the action of the cyclin/cy-
clin-dependent  kinase complex Pho85p/Pho80p.
Pho81p was identified as a cyclin-dependent kinase inhi-
bitor, and its activation by phosphate-limiting condi-
tions leads to a decrease in Pho80/Pho85 activity,
leading to dephosphorylation and activation of Pho4.
Recent work by Ikeh et al. [12] has identified CaPho4p
as an component of the fungal phosphate starvation
regulatory pathway that, like CaPho81p, also plays a
role in regulating hyphal morphogenesis. Phodp is a
basic helix-loop-helix transcription factor that binds to
and activates genes involved with phosphate acquisition
and polyphosphate mobilization, and the work of Tkeh
et al. [12] showed that a pho4A mutant strain fails to
form hyphal germ tubes under hyphae-inducing condi-
tions. As noted above, in the context of phosphate star-
vation, the activity of Phodp is regulated by its
phosphorylation status [7] as represented in Fig. 2. A
pho81A mutant strain would be expected to accumulate
hyperphosphorylated Pho4p, which is actively excluded
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from the nucleus and thus inactive as a transcriptional
regulator. If we assume that it is the hypophosphory-
lated, nuclear-localized form of Pho4p that is active in
the regulation of filamentation, this raises a conflict with
the data presented by Chung et al. [8] and Ahn et al.
[6]. Specifically, a pho8IA mutant strain would be
expected to favor the inactive form of Phodp. This
assumption, by analogy to the filamentation defect
exhibited by the pho4A mutant presented in Ikeh ez al.
[12], would lead us to expect that the pho8IA mutant
(and by extension, the hotIA mutant) would fail to form
hyphae under favorable conditions. However, the oppo-
site outcome is demonstrated for these mutant strains,
with ectopic hyphal formation in conditions that nor-
mally favor the yeast form.

This apparent paradox can be explained by at least
two different models. First, it could be that the two
observations are not actually at odds if one assumes
that the hyperphosphorylated form of Phodp is
responsible for hyphal induction via a mechanism that
is independent of its activity as a transcription factor.
This possibility seems unlikely, as it was shown
recently that phosphate starvation itself is a powerful
inducer of hyphal morphogenesis in a number of
highly virulent clinical isolates [13], suggesting that the
C. albicans Pho regulon is functionally linked to
hyphal induction, most likely via the Pho4p-mediated
mechanism presented in Fig. 2. An alternative and
perhaps more likely scenario is that Pho81p indeed
acts to regulate the phosphorylation status of Phodp
by inhibiting the activity of the Pho80/Pho85 kinase
complex, but that it also acts as a negative regulator
of the hyphal induction pathway mediated by the Ras/
cAMP pathway. This seems more likely, as it has been
shown [8] that the pho8IA strain accumulates an
abnormally high level of Ras-GTP, and that FA-
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Fig. 2. A model for the dual roles of Pho81 in inducing or suppressing pathways of filamentation. As described in the text, Pho81 negatively
regulates the Ras/cAMP-mediated pathway of hyphal morphogenesis, but likely plays a positive regulatory role in promoting hyphal

morphogenesis under phosphate-limiting conditions.

mediated inhibition of filamentation in a strain bearing
a hyperactive allele of Ras is dependent on the pres-
ence of Pho81p. Taken together, the evidence suggests
that Pho81p plays a positive role in regulating filamen-
tation via Phodp activation, while playing a negative
role in filamentation by inhibition of the Ras/cAMP
pathway. This also suggests that under the conditions
operative in these studies, the Ras/cAMP pathway
plays a dominant role in the regulation of filamenta-
tion, and that the Pho4p-dependent filamentation
pathway plays a secondary role.

Why does C. albicans strain 10231
secrete farnesoic acid, while other
C. albicans strains secrete farnesol?

To the best of our knowledge and assessment of the
relevant literature, 10231 is the only strain of C. albi-
cans reported to secrete FA instead of FOH. Presum-
ably it makes FA from FOH through the pathway
that is also employed by insects and other inverte-
brates for the synthesis of juvenile hormone III, con-
verting FOH to farnesal via an alcohol dehydrogenase,
and then to FA via an aldehyde dehydrogenase
(Fig. 1). Strain 10231 was isolated in 1943 and has
been in the ATCC collection since 1965, although it
was used as a test organism for antifungal antibiotics
as early as 1956 [14]. It has at least nine alternate
strain designations and it is recommended for use in
the ASTM Standard Test Method E979-91. This rec-
ommendation is fitting because 10231 produces abun-
dant germ tubes [15] and chlamydospores [16] along
with forming especially black colonies on BiGGY
agar. Thus, it fulfills the three hallmarks for in vitro
diagnostic characterization of C. albicans.

However, in in vivo the virulence of strain 10231
may differ from that of other strains in a manner that
depends on FOH production [17, 18]. For instance,
Navarathna et al. [17] showed that FOH acted as a
virulence factor in a mouse model for candidiasis; a
mutant which produced six times less FOH was ca. 4.2
times less pathogenic than its parent. Similarly, the
LDso dose for strain 10231 in a mouse model was
1.2 x 107 cells per mouse [17], a value six times higher
than the LDs, values for their FOH excreting counter-
parts [17]. Subsequently, Ghosh et al. [18] showed that
mouse macrophage cells produced ca. 1000 x less IL-6
mRNA when challenged with strain 10231 than with a
series of FOH secreting of C. albicans. Strain 10231
elicited only background levels of IL-6 expression. The
RAW264.7 mouse macrophage cells produced more
IL-6, TLR2, and dectinl mRNA by 100-, 2-, and 3-
fold, respectively, when exposed to a combination of
FOH and zymosan than a combination of FA and
zymosan [18]. More recently [19] we showed that FOH
stimulated the migration of mouse macrophages,
induced the rapid depletion of B cells from the mouse
peritoneal cavity, and recruited neutrophils, granulo-
cytes, and small peritoneal macrophages to the mouse
peritoneal cavity. Unfortunately, this study did not
include direct comparisons of FOH versus FA or of
C. albicans 10231 versus A72 or SC5314. Taken
together, these results strongly suggest that the altered
response of the innate immune system to strain 10231
relative to other isolates is due to differences in their
response to FOH versus FA. The genetic and bio-
chemical factors which contributed to the selection for
FA production versus FOH production are currently
undefined. However, their elucidation is likely to pro-
vide new details regarding the differences in virulence

FEBS Letters 591 (2017) 1637-1640 © 2017 Federation of European Biochemical Societies 1639



Commentary

and immune responses between 10231 and other clini-
cal isolates of C. albicans.
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