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Abstract: The amino sugar, N-acetylglucosamine (GlcNAc), has emerged as an attractive messenger
of signaling in the pathogenic yeast Candida albicans, given its multifaceted role in cellular processes,
including GlcNAc scavenging, import and metabolism, morphogenesis (yeast to hyphae and white to
opaque switch), virulence, GlcNAc induced cell death (GICD), etc. During signaling, the exogenous
GlcNAc appears to adopt a simple mechanism of gene regulation by directly activating Ngs1, a
novel GlcNAc sensor and transducer, at the chromatin level, to activate transcriptional response
through the promoter acetylation. Ngs1 acts as a master regulator in GlcNAc signaling by regu-
lating GlcNAc catabolic gene expression and filamentation. Ndt80-family transcriptional factor
Rep1 appears to be involved in the recruitment of Ngs1 to GlcNAc catabolic gene promoters. For
promoting filamentation, GlcNAc adopts a little modified strategy by utilizing a recently evolved
transcriptional loop. Here, Biofilm regulator Brg1 takes up the key role, getting up-regulated by Ngs1,
and simultaneously induces Hyphal Specific Genes (HSGs) expression by down-regulating NRG1
expression. GlcNAc kinase Hxk1 appears to play a prominent role in signaling. Recent developments
in GlcNAc signaling have made C. albicans a model system to understand its role in other eukaryotes
as well. The knowledge thus gained would assist in designing therapeutic interventions for the
control of candidiasis and other fungal diseases.

Keywords: Candida albicans; transcription factor; GlcNAc; Ngs1; Rep1; Ron1; Hxk1; GlcNAc
catabolism; signaling; histone acetylation; Escherichia coli (E. coli)

1. Introduction

Candida albicans lives as a commensal on healthy individuals and can cause life-
threatening systemic infections, contributing substantially to morbidity and mortality in
immunocompromised patients [1–3]. The ability to utilize alternative carbon sources and
yeast-hyphal morphogenetic flexibility are believed to be very critical for survival, host
niche establishment, and virulence of the pathogen [4–7].

Accumulated bodies of evidence suggest that the amino sugar, N-acetylglucosamine
(GlcNAc), not only acts as a very good alternative carbon and nitrogen source [4,8], but also
as a potent inducer of signaling to stimulate expression of its own catabolic genes [9–11]
and morphogenetic transitions, including yeast, to hyphal transition [12–15], and white-
opaque switching, an epigenetic transition that controls mating process [16,17], and GlcNAc
induced cell death (GICD) [18], a phenomenon that is characterized by the accumulation of
reactive oxygen species (ROS), followed by rapid cell death via both apoptotic and necrotic
mechanisms (GICD), and probably occurs due to GlcNAc triggering of important cellular
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processes. Therefore, it is important to understand the GlcNAc regulated cellular signaling
for designing new anti-fungal therapeutic reagents to control candidiasis.

Studies on GlcNAc signaling in C. albicans have provided new insight into the potential
role of GlcNAc in evoking dynamic cellular responses, and that made C. albicans a model
system to study GlcNAc signaling in eukaryotes instead of Saccharomyces cerevisiae and
Schizosaccharomyces pombe, which lack the genes required for GlcNAc utilization [19]. The
mechanistic details of GlcNAc signaling are still under investigation in C. albicans.

Keeping in mind the multifarious role of the sugar, there is a pressing need to un-
derstand the GlcNAc triggered molecular mechanism of signaling, along with various
transcription factors and proteins involved in this process. In the present review, we have
discussed several research reports on GlcNAc signaling followed by the role of various
transcription factors that evoke transcriptional responses, leading to operation of various
cellular processes, such as GlcNAc metabolism and morphogenesis. Thereafter, we com-
pared the mode of transcriptional regulation between C. albicans (eukaryote) and Escherichia
coli (prokaryote), representing differences in GlcNAc signaling in terms of fundamen-
tal logic of gene expression. In the current review, we also narrated recent updates of
accumulated knowledge to better explain the signaling network cascade.

2. A Brief History of GlcNAc Signaling Developments

N-acetylglucosamine (GlcNAc) is an often encountered carbon source in nature, being
a component of peptidoglycan of the bacterial cell wall, fungal chitin, insect exoskeleton,
and mammalian extra cellular matrix [20,21]. Apart from structural functions, its role in
stimulating cellular signaling in pathogenic yeast C. albicans makes it an attractive sugar sig-
naling molecule. The potential signaling role of GlcNAc to induce its own catabolic enzyme,
N-acetylglucosamine kinase (Hxk1), was initially reported in 1974 [9]. Simultaneously, in
another report, GlcNAc was shown to induce yeast-hyphal morphogenetic transition [12].
Then, onwards, GlcNAc induction system in Candida albicans has been used as a simple eu-
karyotic model system to study sugar (GlcNAc) induced signaling mechanisms of catabolic
gene expression, and yeast, to hyphal morphogenetic transition [8,22–24].

Despite the fact that immobilized-GlcNAc (Agarose-GlcNAc) has the ability to trig-
ger germ tube formation at the cell surface, observations from these studies were not
appreciated due to lack of genetic approaches [10,24]. Results from the same group have
simultaneously suggested that the induction of GlcNAc catabolism is uncoupled from
the GlcNAc induced germ tube transition [10,25]. As technology improved, the advent of
advanced tools facilitated molecular cloning and analysis of GlcNAc catabolic genes [26].
During further characterization of GlcNAc catabolic genes, it was shown that the genes re-
sponsible for GlcNAc catabolism, NAG1, DAC1, and HXK1 exist as a cluster in the genome
of C. albicans, and are regulated by a bidirectional promoter, wherein GlcNAc inducible
factors bind at specific binding elements to induce gene expression [27]. Later, the GlcNAc
catabolic pathway mutant analysis revealed the significance of GlcNAc catabolism for
providing virulence in a mouse model of candidiasis and the role of GlcNAc kinase in hyper
filamentous morphology [4]. Afterwards, a differential proteomics study for glucose vs.
GlcNAc grown cells helped in the discovery of a novel GlcNAc specific transporter (Ngt1)
that became the first eukaryotic GlcNAc transporter to be identified [28]. The ngt1 mutant
analysis further revealed that the entry of GlcNAc into cells induces GlcNAc responsive
filamentation. Thereafter, it turned out to be a new tool for studying GlcNAc signaling
mechanisms in Candida as well as other eukaryotes [29,30].

The internalized GlcNAc has the ability to directly induce transcriptional responses
necessary for GlcNAc catabolism and hyphal initiation, while GlcNAc metabolism is not
required for GlcNAc induced signaling [15,31]. Analysis of signaling mechanism in hxk1
mutant background revealed that sensing of free non-phosphorylated GlcNAc is an advan-
tageous character for organisms to differentiate external, non-phosphorylated GlcNAc from
de-novo synthesized GlcNAc-6-phosphate, a precursor of Uridine diphosphate-GlcNAc
(UDP-GlcNAc) that is constantly required for cell anabolic processes (Figure 1). This distinct
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feature increases signaling sensitivity so that the organism is able to detect minute levels of
GlcNAc against internally synthesized GlcNAc-6-phosphate [15,32]. However, this mecha-
nism does not appear to involve O-GlcNAcylation of proteins, a well conserved mechanism
of signaling reported in several eukaryotes, including mammals and plants [33]. Analysis
of hxk1 mutant showed some interesting results, such as the tendency of the mutants
to form filaments and induce the GlcNAc metabolic gene (NGT1, NAG1, DAC1, GAL10,
etc.) expression under non-inducing conditions, such as glucose or galactose instead of
GlcNAc. This is likely due to the accumulation of GlcNAc inside the cell, which could not
be metabolized, and could induce signaling (15). Another possibility could be that Hxk1
acts as a repressor of yeast hyphal transition and GlcNAc metabolic gene expression (34).
Further investigations are required to understand the molecular mechanism of signaling
in detail.
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which transduces signals just by directly binding to the free GlcNAc to induce transcriptional 

Figure 1. Direct import of external N-acetylglucosamine (GlcNAc) induces the signaling, but its
metabolism is not required for GlcNAc signaling. Detection of external, non-phosphorylated GlcNAc
provides sensitivity against internally synthesized GlcNAc-6-phosphate. (A) The internal de novo
synthesized GlcNAc-6-P is utilized in the anabolic processes/functions, such as chitin synthesis,
N-glycosylation, GPI-anchors, etc., and is not involved in the GlcNAc signaling pathway. De
novo synthesis of GlcNAc-6-P involves sequential action of GlcN-6-P synthase (Gfa1) and GlcN-
6-P acetyltransferase (Gna1) from fructose-6-P (Glycolysis). GlcNAc-6-P gets further converted to
UDP-GlcNAc by the sequential action of phosphor acetylglucosamine mutase (Agm1) and UDP-
GlcNAc pyrophosphorylase (Uap1) [32]. (B) The internalized GlcNAc through the GlcNAc specific
transporter (Ngt1) can directly induce the signaling by binding to GlcNAc sensor (Ngs1). GlcNAc
is also metabolized to GlcNAc-6-P by GlcNAc kinase (Hxk1), which is either catabolized using
sequential action of Deacetylase (Dac1) and Deaminase (Nag1) to provide energy, or converted to
UDP-GlcNAc involved in anabolic functions. The overlapping area between A and B represents
the steps that are common to both the de novo pathway and imported GlcNAc pathway used for
anabolic functions. Note: while steps involved in the anabolic pathways are represented with green
arrows, the steps involved in the GlcNAc catabolic and GlcNAc signaling pathways are represented
with blue and orange arrows, respectively.
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In the subsequent studies, to uncover the pathway activated by GlcNAc, the genetic
screen conducted using C. albicans deletion mutant library, helped in the finding of GlcNAc
sensor Ngs1, which transduces signals just by directly binding to the free GlcNAc to
induce transcriptional responses in the nucleus [34]. This has become a breakthrough
finding in unraveling the molecular mechanism of GlcNAc signaling to control GlcNAc
catabolic gene expression, as well as GlcNAc induced filamentation [34]. For stimulating
hyphal morphogenesis/Hyphal Specific Genes (HSGs), Ngs1 adopts a slightly modified
strategy that involves Biofilm regulator BRG1 and hyphal repressor transcription factor
NRG1 [14,35], the mechanistic details of which were discussed in subsequent sections.

GlcNAc induces the expression of its own catabolic genes, viz; GlcNAc kinase
(HXK1), GlcNAc-6-phosphate deacetylase (DAC1) and Glucosamine-6-phosphate deami-
nase (NAG1) and undergoes sequential action of degradation by Hxk1, Dac1, and Nag1,
and finally enters into the glycolytic pathway [27]. In the first step, GlcNAc kinase converts
GlcNAc to GlcNAc-6-phosphate (GlcNAc-6-P). In the second step, GlcNAc-6-P is converted
to glucosamine-6-phosphate (GlN-6-P) with the removal of acetyl group by Dac1, and in
the final step, GlN-6-P is converted to fructose-6-phosphate (fructose-6-P) with the removal
of the amino group by Dac1. Eventually, fructose-6-P enters into the glycolytic pathway for
providing energy and carbon source.

3. Role of Transcription Factors

GlcNAc signaling in Candida albicans involves a GlcNAc transporter Ngt1, a GlcNAc
sensor, and transducer Ngs1, and an Ndt80 transcription factor Rep1 to induce the GlcNAc
induced catabolic transcriptional responses [34]. The GlcNAc sensor, Ngs1, acts as a
master regulator of GlcNAc signaling in Candida albicans, which senses GlcNAc and further
triggers the promoter acetylation of GlcNAc catabolic genes to induce gene expression.
Rep1 is an important Ndt80-family transcriptional factor that contains DNA Binding
Domain (DBD) [34], which probably has specific binding sites on promoters of GlcNAc
catabolic genes to recruit Ngs1 to cognate gene promoters (Figure 2). Thus, GlcNAc
stimulates various cellular processes involving catabolism, transport, sugar scavenging,
hyphal transition, virulence, and several uncharacterized transcript regulations through
Ngs1 modulated transcriptional responses (Figure 2).

Both Ngs1 and Rep1 are constitutively expressed and found to be associated with
GlcNAc catabolic gene promoters in GlcNAc independent manner, but their activation is
GlcNAc dependent [34]. It has been reported that Ngs1 has two domains, the N-terminal
highly conserved 3-Glycoside Hydrolase (GH3) domain, which is related to the bacterial β-
N-acetylglucosaminidase domain [36], which manifests distinctive GlcNAc specificity [34];
and the other being the C-terminal GCN5 related N-acetyl transferase (GNAT) domain,
which possesses an inherent histone acetylase property [37,38]. These two functionally
different domains [34] take part in GlcNAc induced promoter activation, acetylation of
chromatin, and further transcription of different GlcNAc metabolic genes.

Ngs1 also triggers GlcNAc induced filamentation by inducing BRG1 expression. Un-
like reports of previous studies [39], the cAMP/protein kinase A (PKA) pathway does
not have a role in induction of GlcNAc stimulated filamentation of log phase cells under
conditions of without fresh medium inoculation at 37 ◦C [40]. Su et al. have demonstrated
a mechanism for the stimulation of yeast to hyphal transition under these conditions,
without fresh medium inoculation in log phase cells at 37 ◦C [14]. For GlcNAc triggered
hyphal formation, N-acetylglucosamine sensor, Ngs1, adopts a little modified strategy
rather than directly targeting Hyphal Specific Genes (HSGs) promoters, although it em-
ploys the same promoter acetylation phenomenon as it does at other GlcNAc catabolic
gene promoters (Figure 3, left panel). Most interestingly, Ngs1 mediates Hyphal Specific
Genes (HSGs) expression by directly inducing the transcription of BRG1 through promoter
acetylation (Figure 3, right panel). Brg1 is a GATA (GATA DNA sequence) family transcrip-
tion factor (Gat2) that was originally discovered as a Biofilm Regulator 1 (BRG1) [41]. It
is known for filamentation induction and acts as a transcriptional regulator that works
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through Tor1 signaling pathway [14,42] in response to various environmental factors, such
as serum [35,43,44].
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Figure 2. Working model for GlcNAc import and its signaling in C. albicans. Exogenous GlcNAc
is imported into cytosol through GlcNAc specific transporter, Ngt1. In the nucleus GlcNAc binds
to GlcNAc sensor, Ngs1 to activate transcription of genes involved in various processes (37) as
shown in the figure. Transcription factors, such as Rep1, which bind to DNA, recruit GlcNAc sensor
Ngs1 at cognate gene promoters and transduce GlcNAc signaling. Ngs1 acts as a master regulator
of GlcNAc signaling by regulating various cellular processes, such as GlcNAc transport (NGT1),
GlcNAc metabolism (HXK1, NAG1, DAC1 etc.), GlcNAc scavenging (HEX1), morphogenesis (HWP1,
ECE1 etc.), and other uncharacterized functions.

Brg1 seems to play critical role in Ngs1 mediated hyphal transition by not only trig-
gering the down regulation of NRG1, a global repressor of filamentation [45], but also
modulating the chromatin remodeling of Hyphal Specific Genes (HSGs) promoters. The
recent study conducted by Su et al., 2018 [14], reveals the molecular mechanism of Brg1 me-
diated regulation of Hyphal Specific Gene (HSG) expression. Upon entry of GlcNAc, Brg1
is upregulated by the action of the GNAT domain of Ngs1. The histone acetyl transferase
activity of the GNAT domain loosens the nucleosome interaction at the BRG1 promoter that
results in the up-regulation of BRG1. Brg1 simultaneously down-regulates the expression
levels of NRG1 in log phase cells under the condition of being without fresh-medium
inoculation (Figure 4A) [14]. Brg1 also plays a pivotal role for maintenance of filamentation
in fresh-medium inoculation conditions in which activated Brg1 down regulates NRG1
and also recruits Hda1, a histone deacetylase to the promoters of Hyphal Specific Genes
(HSGs) to achieve nucleosome re-positioning, thereby, masking the DNA binding site
of Nrg1 [14,42,46] (Figure 4B). GlcNAc induced hyphal induction and maintenance thus
occurs through Brg1 mediated down-regulation of Nrg1 expression, which is initiated
by GlcNAc sensing by Ngs1. As shown in Figure 4A under GlcNAc hyphal inducing
conditions, Brg1 down regulates NRG1 expression; similarly, over-expression of NRG1
under regulatable MET3 promoter appears to repress BRG1 expression in a GlcNAc depen-
dent manner [14]. Thus, Brg1 controls filamentation through a feedback loop, while Nrg1
represses BRG1 transcription. Brg1 down-regulates NRG1 expression levels by interfering
with its mRNA stability [47]. This entire mode of action has been schematically represented
in Figure 4A.
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Figure 3. N-acetylglucosamine (GlcNAc) stimulates signaling via GlcNAc sensor and transducer
Ngs1. Upon GlcNAc binding, Ngs1 induces expression of GlcNAc catabolic genes (e.g., NAG1
and DAC1) [34] and filamentation regulating transcription factor, BRG1 by acetylating at their
promoters [14]. Transcription factor (TF) Rep1 recruits Ngs1 to the GlcNAc catabolic gene promoters
(left panel), whereas TFs recruiting Ngs1 to BRG1 promoter are yet to be found (right panel). The
active relationship is represented with green lines and transcriptional promotion is represented with
black arrows.
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Figure 4. Regulation of N-acetylglucosamine (GlcNAc) induced filamentation occurs in two modes.
(A) Upon GlcNAc binding/sensing, the activated GlcNAc sensor (Ngs1) upregulates/activates BRG1
through its histone acetylase activity (37). The accumulated Brg1 down regulates NRG1 repressor,
and thereby induces Hyphal Specific Gene (HSG) expression to promote hyphal transition. This
mechanism occurs in log phase cells at 37 ◦C under conditions without fresh-medium inoculation [14].
(B) Under inoculation conditions in presence of GlcNAc or serum, etc., the hyphal maintenance occurs
through activation of BRG1. Brg1 down regulates NRG1 expression and also causes nucleosome
repositioning at Hyphal Specific Gene (HSG) promoters by interacting with histone deacetylase Hda1
to inhibit Nrg1 binding at regulatory sites [46]. The active relationship is represented with green and
red lines, whereas inactive relationship is represented with grey lines.
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Thus, the recent discovery of new regulatory loops of transcription assisted in un-
derstanding and unraveling of signaling cascades that might be operating under in vivo
conditions. The studies from Haoping Liu’s [14] group have provided new insights into
the understanding of filamentation signaling pathway triggered by various environmental
cues, including GlcNAc, serum, neutral pH, and temperature that are encountered in
host niches. They have demonstrated an underlying mechanism for the stimulation of
yeast to hyphal transition in log phase cells at 37 ◦C without fresh-medium inoculation,
where Ngs1 appears to be involved in the down regulation of NRG1 expression instead of
cAMP-PKA pathway. Ngs1 employs Brg1 for NRG1 down regulation. GlcNAc activates
Ngs1 to acetylate the BRG1 promoter, just like catabolic gene promoters, to induce the
expression [14].

Recently, several mutational investigation has manifested a cascade of transcription
factors (TFs), which are involved in GlcNAc metabolism, and which play a crucial charac-
ter in morphological switching as well as its virulence [48–50]. These studies show that
the NDT80 family is a group of transcription factors that help to form resistance against
different stresses and also plays a pivotal role in development of hyphae and virulence
in Candida albicans [51,52]. The study of this transcription factor family has become very
important as it is highly conserved in fungi [53]. Some of the recent research developments
discussed in this review indicate that these Ndt80 family members are fundamental activa-
tors of GlcNAc catabolic genes [49]. NDT80, RON1, and REP1 are three paralog of Ndt80
in Candida albicans. Ndt80-like transcription factor, Rep1, is shown to be an essential for
growth on GlcNAc and induction of GlcNAc catabolic genes [34]. It recruits GlcNAc sensor
Ngs1 to the promoters of GlcNAc catabolic genes (Figure 2). It is also needed for growth
on galactose apart from GlcNAc [34]. Initially, it was recognized as a negative regulator of
MDR1 expression, the drug efflux pump [51]. In C. albicans, in addition to Rep1, there is
another Ndt80 domain transcriptional factor Ron1, which is also appeared to be needed
for growth on GlcNAc [50]. Ngs1 and Rep1 appear to control the overlapping set of genes
needed for GlcNAc utilization, and separate gene sets specific to each factor for utilization
of respective sugars. Further work needs to be carried out to understand the detailed
molecular aspects of the regulation in response to various sugars, including GlcNAc.

Apart from Ngs1-Brg1 mediated signaling, GlcNAc also triggers hyphal transition
through the pH sensing pathway, where Rim101 acts as transcriptional regulator that is
known to induce hyphal formation in response to alkaline pH, and also provides adaptation
to high ambient pH [54]. Here, GlcNAc metabolism appears to play a role, where the amino
group is cleaved by deaminase (Nag1) from glucosamine-6-phosphate, during GlcNAc,
catabolism leads to the accumulation of ammonia in the cytosol. Simultaneously, it extrudes
out (and results in) the alkalization of the external environment that triggers the Rim101
dependent pathway [55,56]. Thus, GlcNAc appears to induce the yeast hyphal transition
by two signaling pathways—one that gets directly activated by GlcNAc binding to the
GlcNAc sensor, Ngs1, at the promoter region [34], and another that results from catabolism
of GlcNAc, which increases the extracellular pH and activates Rim101 for hyphal gene
induction [55].

GlcNAc is also known to induce another morphological transition, referred to as
white-opaque switching (17). White-opaque switching is an epigenetic phenomenon that
occurs without a change in DNA sequence and is stochastic in nature. Opaque transition is
an important prerequisite step for mating [16,57] wherein elongated or bean-shaped cells
form mating projections. GlcNAc produced by bacteria in the gastrointestinal tract acts as
a natural source to induce white to opaque switching in C. albicans [58]. Ras1-cAMP/PKA
pathway is implicated in the GlcNAc induced opaque switching. Here, phosphorylation of
Wor1, a master regulator [59] that modulates opaque specific transcriptional response, is
critical for switching, and it works downstream of the Ras1-cAMP/PKA pathway [17,48].
As we discussed in the previous sections, interestingly, in contrast to white-opaque switch-
ing, yeast to hyphal transition triggered by GlcNAc appeared to be independent of the
cAMP/PKA pathway in a condition specific manner (14,43,58). Thus, these two morpho-
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genetic transitions, yeast to hyphal transition, and white to opaque switching, appear to be
triggered by GlcNAc through different pathways.

4. Role of N-acetylglucosamine Kinase, Hxk1 in GlcNAc Signaling

N-acetylglucosamine Kinase (Hxk1) is the first enzyme involved in the GlcNAc
catabolism that phosphorylates GlcNAc and is involved in GlcNAc priming, which diverts
GlcNAc to anabolic reactions, as shown in Figure 1. Initial studies have indicated that C. al-
bicans mutants, disrupted for the GlcNAc catabolic pathway, showed attenuated virulence
in a mouse model of candidiasis [4], and surprisingly, HXK1 disruption mutant exhibit
hyper-filamentous morphology under filamentation inducing conditions [4]. Then, the
studies conducted to understand the role of the GlcNAc catabolic pathway on GlcNAc
induced signaling revealed that GlcNAc metabolism is not required for its signaling [15,31].
Although, GlcNAc catabolism does not have a role in signaling, the catabolic enzyme,
GlcNAc kinase (Hxk1) appears to repress the expression of GlcNAc metabolic genes in-
cluding NGT1, NAG1, DAC1, GIG2, etc., galactose catabolic genes GAL10, GAL7, GAL1,
and other genes, such as PGK1, ADH1, etc., in the presence of unrelated sugars, such as
glucose [31], hinting towards the role of Hxk1 as a transcriptional regulator. However,
there are some interesting data that argue that the altered/increased GlcNAc metabolic
gene expression and filamentation abnormalities noticed in the hxk1 mutant are due to an
increased amount of intracellular GlcNAc [15], as it cannot be catabolized—but not due to
the putative transcriptional role of Hxk1. Further investigations need to be carried out to
understand the detailed insights into the underlying mechanism.

Interesting findings on N-acetylglucosamine kinase Hxk1, from Candida albicans, show
that the gene also takes part in regulating white to opaque switching and cell wall synthesis
in addition to GlcNAc metabolic gene expression and filamentation [5,31,60]. Further-
more, dynamic changes in the subcellular localization of Hxk1 additionally reflects its
multifunctional plasticity. In Candida, the putative role of Hxk1 in mediating signaling of
GlcNAc metabolic gene expression is entirely unknown. The galactose sensory signaling
that is mediated by galactokinase Gal3 (lacking galactokinase activity) has been studied in
yeast Saccharomyces cerevisiae. It has been shown that upon sensing galactose, Gal3 binds
directly to Gal80 repressor and controls Gal4 function to activate galactose catabolic gene
expression [61]. However, in C. albicans, GlcNAc kinase Hxk1 seems to adopt repression
mechanism for GlcNAc catabolic gene expression when cells are present in a non-preferred
carbon source, and upon sensing GlcNAc, Hxk1 probably relieves GlcNAc catabolic gene
promoters, which is yet to be investigated.

5. Differences in the Fundamental Logic of GlcNAc Catabolic Gene Expression
between C. albicans and E. coli

The mode of GlcNAc catabolic gene induction in E. coli (prokaryotes) [62] is simple
and different from C. albicans (eukaryote) (Figure 5). In E. coli, GlcNAc is converted to
GlcNAc-6-phosphate by a Phosphotransferase System (PTS) that simultaneously imports
and phosphorylates GlcNAc [63]. NagC is a repressor that binds at the promoter of GlcNAc
catabolic genes. Upon binding to GlcNAc-6-phosphate, NagC is released from catabolic
gene promoters so that catabolic genes are turned on (Figure 5B) [64,65]. Contrastingly,
in C. albicans, as discussed above, non-phosphorylated exogenous free GlcNAc that is
imported to nucleus bind to the GlcNAc sensor and transducer, Ngs1, to activate catabolic
gene expression through the acetylation of promoters (Figure 5A) [34]. These fundamental
differences in gene regulatory mechanisms for the stimulation of GlcNAc catabolic gene
expression in both E. coli and C. albicans probably reflect fundamental differences in logic
of gene expression that basically arise due to diversity in chromatin status between two
evolutionarily distant organisms [66]. Eukaryotic chromatin exists in a higher order con-
densed state; so the acetylation of histone proteins result in loosening of chromatin, thereby
making the promoter DNA accessible to RNA polymerase II, or other transcription factors,
to initiate transcription. On the contrary, in prokaryotes, the chromatin is organized in a
simple DNA packaging state where promoters exist in non-restrictive ground state. Simple



J. Fungi 2021, 7, 65 9 of 13

relieving of repressors result in the promoter DNA accessibility to RNA Polymerase II for
gene induction. Thus, prokaryotes and eukaryotes display a difference in the fundamental
logic of gene expression [66].
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Figure 5. Comparison of GlcNAc signaling between eukaryotes (Candida albicans) and prokaryotes (Escherichia coli). During
signaling process, in C. albicans the non-phosphorylated free GlcNAc directly binds to GlcNAc sensor (Ngs1) to promote
histone H3 acetylation (H3K9 Ac and H3K14 Ac) of the nucleosomes at the promoters of GlcNAc catabolic genes [34],
whereas in E. coli, GlcNAc-6-phospahte formed from Phosphotransferase System (PTS) binds to NagC repressor to release
it from operator region of GlcNAc catabolic genes [63,65]. (A) Working model depicting induction of GlcNAc catabolic
genes through Ngs1-Rep1 mediated acetylation. More work needs to be carried out to understand the role of other proteins
involved in the determination of Ngs1 specificity for GlcNAc over the other carbon sources like maltose (53). The chromatin
modifying activities of activators (Ngs1-Rep1 complex) lead to altered chromatin structure (loosening of nucleosomes)
thereby transcription of cognate genes is promoted. (B) In prokaryotes, as the chromatin architecture is simple, just the
removal of repressor NagC is sufficient to initiate transcription.

As depicted in Figure 5A, DNA binding transcription factor Rep1 keeps GlcNAc sensor
Ngs1 in a recruited state to GlcNAc catabolic gene promoters in a GlcNAc independent
manner. Upon GlcNAc sensing by Ngs1, the H3K9 and H3K14 region of histone protein
at GlcNAc catabolic gene promoters get acetylated by Ngs1. This chemical alteration
neutralizes the positive charge of histone tails that result in loosening of histone-DNA
interaction, which further allow different transcription factors to access the promoter
chromatin to transcription (Figure 5A) [34]. In contrast, in E. coli, chromatin exists in a
simple non-condensed and non-restrictive state; so, once repressor NagC is removed from
the promoter DNA, the promoter is accessible for basal transcriptional machinery to initiate
transcription (Figure 5B).
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6. What Makes Candida albicans an Important Model System to Study
GlcNAc Signaling?

1. The impacts of GlcNAc signaling are prominent and can be measured in the form
of transcriptional responses and visualized/manifested through clear effects on
growth and morphological transition [11,17,27,28,34] (yeast to hyphae and/or white
to opaque switching).

2. Being a simple eukaryotic system, it shares close lineage with general model yeasts
Saccharomyces cerevisiae and Schizosaccharomyces pombe [67]. The completely sequenced
genome [68], currently available sophisticated tools for gene manipulation and char-
acterization, have made this system more amicable for study [69–71].

3. GlcNAc regulates multifaceted cellular functions that make it very interesting to
understand the signaling mechanisms [21,48].

7. Concluding Remarks and Future Perspectives

Accumulating evidences revealed that, in C. albicans, the amino sugar GlcNAc acts as
an excellent signaling molecule that modulates dynamic cellular processes, including its
own sugar metabolism, morphogenetic transition (yeast to hyphae and white to opaque
switch), GICD, virulence, and inter-species communication, etc. [20,48]. Thus, it is believed
that GlcNAc signaling and its utilization (metabolism) provides an adaptive advantage for
C. albicans to respond rapidly and appropriately to the host niche environmental conditions
for maximal use of nutrients and competing over other microbes [18]. Therefore, it is very
critical to unravel the molecular mechanisms of GlcNAc signaling in this fungal pathogen.
The imported non-phosphorylated GlcNAc has the ability to directly induce the signaling
and its catabolism is not required for its signaling [15,31]. GlcNAc binds to a novel GlcNAc
sensor, Ngs1, at catabolic gene promoters, and promotes gene expression by activating
Ngs1 for acetylation of cognate promoters [34]. Most surprisingly, the cAMP-PKA pathway
is not involved in GlcNAc induced filamentation for log phase cells under the conditions of
being without fresh-medium inoculation at 37 ◦C. In GlcNAc induced filamentation, also,
GlcNAc sensor Ngs1 is involved through a little modified strategy by regulating BRG1
expression and inhibiting the inhibitory effect of Nrg1 for promoting filamentation (14).
Interestingly, it appears that GlcNAc triggers white/opaque switching and yeast/hyphal
transition contrastingly through two different pathways; while white/opaque switching
occurs through the Ras1-cAMP/PKA dependent pathway, yeast/hyphal transition occurs
independently [14,17,40,48,55].

Although it appears that Ngs1-Rep1 complex is directly involved in the induction
of GlcNAc catabolic gene expression by acetylation of cognate gene promoters, possible
involvement of other regulatory factors that might act as either repressors and/or activators
in the induction mechanism (mentioned in open questions), cannot be ruled out. In
support of this argument, the negative role of Hxk1 in GlcNAc induction mechanism can
definitely gain considerable attention, for which the molecular mechanism is yet to be
revealed [31]. Further, it is clearly understood from the recent unbiased studies that, the
same sensor, Ngs1, is involved in the GlcNAc induced metabolic gene expression, as well
as GlcNAc induced filamentation. As signaling of these two processes appears to occur
independently in response to environmental conditions, it remains an important aspect
of understanding how Ngs1 chooses its target promoters, according to specific stimulus
(whether filamentation or catabolism or both together). Additionally, NGS1 has been
shown to be important for the growth on maltose.

As GlcNAc sensor Ngs1 and associated Ndt80 transcription factor Rep1 are constitu-
tively bound to promoter regions, it is important to determine the genome wide occupancy
of these factors. Either ChIP-seq or ChIP-on-chip can be used to find out genome-wide
binding regions, as well as sequence of the binding elements [72]. This analysis coupled
with differential RNA-seq analysis would reveal the Ngs1 and Rep1 binding on gene
promoters and respective activated genes in response to specific carbon sources, including
GlcNAc. As studies have shown that GlcNAc signaling is very important for virulence
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and survival of the pathogen, the accumulated knowledge would provide new insights
into the development of therapeutic drug targets for control of candidiasis and other
fungal diseases.

8. Open Questions

1. As it is known that GlcNAc induced filamentation is different from GlcNAc induced
metabolic gene expression, how does GlcNAc differentiate these two cellular processes
separately; what is the molecular mechanism, and are there any environmental factors
influence these processes?

2. Is there any role of Ngs1 in GlcNAc induced white to opaque switching?
3. What is the mode of regulation for Hxk1 mediated GlcNAc signaling to stimulate

metabolic gene expression?
4. What are the genome-wide binding sites for Ngs1 and Rep1, and is there any role of

these transcription factors for the growth on other carbon sources, such as, galactose,
mannose, etc.?

5. What is the DNA-binding transcription factor responsible for the recruitment of Ngs1
at the promoter region of BRG1?

Author Contributions: Conceptualization, K.H.R. writing—original draft preparation, K.H.R. and
S.P. writing—review and editing, K.H.R., S.P., and S.G. revising—review and editing, K.H.R., S.P.,
and S.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by an Early Career Research Grant awarded to S.G. and K.H.R.
from the Science and Engineering Research Board, Department of Science and Technology, Govern-
ment of India, and also the Department of Biotechnology, Government of West Bengal, India

Acknowledgments: We thank the members of our lab for their helpful suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brown, G.D.; Denning, D.W.; Gow, N.A.; Levitz, S.M.; Netea, M.G.; White, T.C. Hidden killers: Human fungal infections. Sci.

Transl. Med. 2012, 4, rv13–rv165.
2. Calderone, R.A.; Clancy, C.J. (Eds.) Candida and Candidiasis; American Society for Microbiology Press: Washington, DC, USA, 2011.
3. Perlroth, J.; Choi, B.; Spellberg, B. Nosocomial fungal infections: Epidemiology, diagnosis, and treatment. Med. Mycol. 2007, 45,

321–346. [PubMed]
4. Singh, P.; Ghosh, S.; Datta, A. Attenuation of virulence and changes in morphology in Candida albicans by disruption of the

N-Acetylglucosamine catabolic pathway. Infect. Immun. 2001, 69, 7898–7903. [PubMed]
5. Ghosh, S.; Rao, K.H.; Bhavesh, N.S.; Das, G.; Dwivedi, V.P.; Datta, A. N-acetylglucosamine (GlcNAc)-inducible gene GIG2 is a

novel component of GlcNAc metabolism in Candida albicans. Eukaryot. Cell 2014, 13, 66–76. [PubMed]
6. Ene, I.V.; Cheng, S.C.; Netea, M.G.; Brown, A.J. Growth of Candida albicans cells on the physiologically relevant carbon source

lactate affects their recognition and phagocytosis by immune cells. Infect. Immun. 2013, 81, 238–248. [PubMed]
7. Brown, A.J.; Brown, G.D.; Netea, M.G.; Gow, N.A. Metabolism impacts upon Candida immunogenicity and pathogenicity at

multiple levels. Trends Microbiol. 2014, 22, 614–622.
8. Singh, B.; Datta, A. Regulation of N-acetylglucosamine uptake in yeast. Biochim. Biophys. Acta (BBA) Biomembr. 1979, 557, 248–258.
9. Bhattacharya, A.; Banerjee, S.; Datta, A. Regulation of N-acetylglucosamine kinase synthesis in yeast. Biochim. Biophys. Acta (BBA)

Nucleic Acids Protein Synth. 1974, 374, 384–391.
10. Shepherd, M.G.; Sullivan, P.A. Candida albicans germ-tube formation with immobilized GlcNAc. FEMS Microbiol. Lett. 1983,

17, 167–170.
11. Gunasekera, A.; Alvarez, F.J.; Douglas, L.M.; Wang, H.X.; Rosebrock, A.P.; Konopka, J.B. Identification of GIG1, a GlcNAc-

induced gene in Candida albicans needed for normal sensitivity to the chitin synthase inhibitor nikkomycin Z. Eukaryot. Cell 2010,
9, 1476–1483.

12. Simonetti, N.; Strippoli, V.; Cassone, A. Yeast-mycelial conversion induced by N-acetyl-D-glucosamine in Candida albicans. Nature
1974, 250, 344–346.

13. Sudbery, P.E. Growth of Candida albicans hyphae. Nat. Rev. Microbiol. 2011, 9, 737–748.
14. Su, C.; Yu, J.; Sun, Q.; Liu, Q.; Lu, Y. Hyphal induction under the condition without inoculation in Candida albicans is triggered by

Brg1-mediated removal of NRG1 inhibition. Mol. Microbiol. 2018, 108, 410–423.
15. Naseem, S.; Gunasekera, A.; Araya, E.; Konopka, J.B. N-acetylglucosamine (GlcNAc) induction of hyphal morphogenesis and

transcriptional responses in Candida albicans are not dependent on its metabolism. J. Biol. Chem. 2011, 286, 28671–28680. [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/17510856
http://www.ncbi.nlm.nih.gov/pubmed/11705974
http://www.ncbi.nlm.nih.gov/pubmed/24186949
http://www.ncbi.nlm.nih.gov/pubmed/23115042
http://www.ncbi.nlm.nih.gov/pubmed/21700702


J. Fungi 2021, 7, 65 12 of 13

16. Slutsky, B.; Staebell, M.; Anderson, J.; Risen, L.; Pfaller, M.T.; Soll, D.R. “White-opaque transition”: A second high-frequency
switching system in Candida albicans. J. Bacteriol. 1987, 169, 189–197.

17. Huang, G.; Yi, S.; Sahni, N.; Daniels, K.J.; Srikantha, T.; Soll, D.R. N-acetylglucosamine induces white to opaque switching,
a mating prerequisite in Candida albicans. PLoS Pathog. 2010, 6, e1000806.

18. Du, H.; Guan, G.; Li, X.; Gulati, M.; Tao, L.; Cao, C.; Huang, G. N-acetylglucosamine-induced cell death in Candida albicans and its
implications for adaptive mechanisms of nutrient sensing in yeasts. MBio 2015, 6. [CrossRef]

19. Wendland, J.; Schaub, Y.; Walther, A. N-acetylglucosamine utilization by Saccharomyces cerevisiae based on expression of Can-
dida albicans NAG genes. Appl. Environ. Microbiol. 2009, 75, 5840–5845.

20. Konopka, J.B. N-acetylglucosamine functions in cell signaling. Scientifica 2012. [CrossRef]
21. Min, K.; Naseem, S.; Konopka, J.B. N-Acetylglucosamine regulates morphogenesis and virulence pathways in Fungi. J. Fungi

2020, 6, 8. [CrossRef]
22. Datta, A.; Ganesan, K.; Natarajan, K. Current trends in Candida albicans research. In Advances in Microbial Physiology; Academic

Press: Cambridge, MA, USA, 1990; Volume 30, pp. 53–88.
23. Cassone, A.; Sullivan, P.A.; Shepherd, M.G. N-acetyl-D-glucosamine-induced morphogenesis in Candida albicans. Microbiologica

1985, 8, 85–99. [PubMed]
24. Shepherd, M.G.; Sullivan, P.A. The control of morphogenesis in Candida albicans. J. Dent. Res. 1984, 63, 435–440. [CrossRef]
25. Gopal, P.; Sullivan, P.A.; Shepherd, M.G. Enzymes of N-acetylglucosamine metabolism during germ-tube formation in Candida

albicans. Microbiology 1982, 128, 2319–2326. [CrossRef]
26. Natarajan, K.; Datta, A.S.I.S. Molecular cloning and analysis of the NAG1 cDNA coding for glucosamine-6-phosphate deaminase

from Candida albicans. J. Biol. Chem. 1993, 268, 9206–9214.
27. Kumar, M.J.; Jamaluddin, M.S.; Natarajan, K.; Kaur, D.; Datta, A. The inducible N-acetylglucosamine catabolic pathway gene

cluster in Candida albicans: Discrete N-acetylglucosamine-inducible factors interact at the promoter of NAG1. Proc. Natl. Acad. Sci.
USA 2000, 97, 14218–14223. [CrossRef]

28. Alvarez, F.J.; Konopka, J.B. Identification of an N-acetylglucosamine transporter that mediates hyphal induction in Candida albicans.
Mol. Biol. Cell 2007, 18, 965–975. [CrossRef]

29. Nadal, M.; Sawers, R.; Naseem, S.; Bassin, B.; Kulicke, C.; Sharman, A.; Brutnell, T.P. An N-acetylglucosamine transporter required
for arbuscular mycorrhizal symbioses in rice and maize. Nat. Plants 2017, 3, 17073. [CrossRef]

30. Gilmore, S.A.; Naseem, S.; Konopka, J.B.; Sil, A. N-acetylglucosamine (GlcNAc) triggers a rapid, temperature-responsive
morphogenetic program in thermally dimorphic fungi. PLoS Genet. 2013, 9, e1003799. [CrossRef]

31. Rao, K.H.; Ghosh, S.; Natarajan, K.; Datta, A. N-acetylglucosamine kinase, HXK1 is involved in morphogenetic transition and
metabolic gene expression in Candida albicans. PLoS ONE 2013, 8, e53638. [CrossRef]

32. Milewski, S.; Gabriel, I.; Olchowy, J. Enzymes of UDP-GlcNAc biosynthesis in yeast. Yeast 2006, 23, 1–14. [CrossRef]
33. Hart, G.W.; Slawson, C.; Ramirez-Correa, G.; Lagerlof, O. Cross talk between O-GlcNAcylation and phosphorylation: Roles in

signaling, transcription, and chronic disease. Annu. Rev. Biochem. 2011, 80, 825–858. [CrossRef]
34. Su, C.; Lu, Y.; Liu, H. N-acetylglucosamine sensing by a GCN5-related N-acetyltransferase induces transcription via chromatin

histone acetylation in fungi. Nat. Commun. 2016, 7, 12916. [CrossRef]
35. Lu, Y.; Su, C.; Wang, A.; Liu, H. Hyphal development in Candida albicans requires two temporally linked changes in promoter

chromatin for initiation and maintenance. PLoS Biol. 2011, 9, e1001105. [CrossRef]
36. Litzinger, S.; Fischer, S.; Polzer, P.; Diederichs, K.; Welte, W.; Mayer, C. Structural and kinetic analysis of Bacillus subtilis

N-acetylglucosaminidase reveals a unique Asp-His dyad mechanism. J. Biol. Chem. 2010, 285, 35675–35684. [CrossRef]
37. Rojas, J.R.; Trievel, R.C.; Zhou, J.; Mo, Y.; Li, X.; Berger, S.L.; Marmorstein, R. Structure of Tetrahymena GCN5 bound to coenzyme

A and a histone H3 peptide. Nature 1999, 401, 93–98. [CrossRef]
38. Wybenga-Groot, L.E.; Draker, K.A.; Wright, G.D.; Berghuis, A.M. Crystal structure of an aminoglycoside 6′-N-acetyltransferase:

Defining the GCN5-related N-acetyltransferase superfamily fold. Structure 1999, 7, 497–507. [CrossRef]
39. Castilla, R.; Passeron, S.; Cantore, M.L. N-acetyl-D-glucosamine induces germination in Candida albicans through a mechanism

sensitive to inhibitors of cAMP-dependent protein kinase. Cell. Signal. 1998, 10, 713–719. [CrossRef]
40. Parrino, S.M.; Si, H.; Naseem, S.; Groudan, K.; Gardin, J.; Konopka, J.B. cAMP-independent signal pathways stimulate hyphal

morphogenesis in Candida albicans. Mol. Microbiol. 2017, 103, 764–779. [CrossRef]
41. Nobile, C.J.; Fox, E.P.; Nett, J.E.; Sorrells, T.R.; Mitrovich, Q.M.; Hernday, A.D.; Johnson, A.D. A recently evolved transcriptional

network controls biofilm development in Candida albicans. Cell 2012, 148, 126–138. [CrossRef]
42. Lu, Y.; Su, C.; Liu, H. A GATA transcription factor recruits Hda1 in response to reduced Tor1 signaling to establish a hyphal

chromatin state in Candida albicans. PLoS Pathog. 2012, 8, e1002663. [CrossRef]
43. Lu, Y.; Su, C.; Solis, N.V.; Filler, S.G.; Liu, H. Synergistic regulation of hyphal elongation by hypoxia, CO2, and nutrient conditions

controls the virulence of Candida albicans. Cell Host Microbe 2013, 14, 499–509. [CrossRef]
44. Lu, Y.; Su, C.; Liu, H. Candida albicans hyphal initiation and elongation. Trends Microbiol. 2014, 22, 707–714. [CrossRef]
45. Huang, X.; Chen, X.; He, Y.; Yu, X.; Li, S.; Gao, N.; Wu, W. Mitochondrial complex I bridges a connection between regulation

of carbon flexibility and gastrointestinal commensalism in the human fungal pathogen Candida albicans. PLoS Pathog. 2017, 13,
e1006414. [CrossRef]

http://dx.doi.org/10.1128/mBio.01376-15
http://dx.doi.org/10.6064/2012/489208
http://dx.doi.org/10.3390/jof6010008
http://www.ncbi.nlm.nih.gov/pubmed/3883103
http://dx.doi.org/10.1177/00220345840630031501
http://dx.doi.org/10.1099/00221287-128-10-2319
http://dx.doi.org/10.1073/pnas.250452997
http://dx.doi.org/10.1091/mbc.e06-10-0931
http://dx.doi.org/10.1038/nplants.2017.73
http://dx.doi.org/10.1371/journal.pgen.1003799
http://dx.doi.org/10.1371/annotation/c381f4a0-efa6-41e5-8bb5-172c714510b5
http://dx.doi.org/10.1002/yea.1337
http://dx.doi.org/10.1146/annurev-biochem-060608-102511
http://dx.doi.org/10.1038/ncomms12916
http://dx.doi.org/10.1371/annotation/7b97b9ec-881a-4940-83ab-01f5318fd819
http://dx.doi.org/10.1074/jbc.M110.131037
http://dx.doi.org/10.1038/43487
http://dx.doi.org/10.1016/S0969-2126(99)80066-5
http://dx.doi.org/10.1016/S0898-6568(98)00015-1
http://dx.doi.org/10.1111/mmi.13588
http://dx.doi.org/10.1016/j.cell.2011.10.048
http://dx.doi.org/10.1371/journal.ppat.1002663
http://dx.doi.org/10.1016/j.chom.2013.10.008
http://dx.doi.org/10.1016/j.tim.2014.09.001
http://dx.doi.org/10.1371/journal.ppat.1006414


J. Fungi 2021, 7, 65 13 of 13

46. Braun, B.R.; Kadosh, D.; Johnson, A.D. NRG1, a repressor of filamentous growth in C. albicans is down-regulated during filament
induction. EMBO J. 2001, 20, 4753–4761. [CrossRef]

47. Cleary, I.A.; Lazzell, A.L.; Monteagudo, C.; Thomas, D.P.; Saville, S.P. BRG1 and NRG1 form a novel feedback circuit regulating
Candida albicans hypha formation and virulence. Mol. Microbiol. 2012, 85, 557–573. [CrossRef]

48. Du, H.; Ennis, C.L.; Hernday, A.D.; Nobile, C.J.; Huang, G. N-Acetylglucosamine (GlcNAc) Sensing, Utilization, and Functions in
Candida albicans. J. Fungi 2020, 6, 129. [CrossRef]

49. Kappel, L.; Gaderer, R.; Flipphi, M.; Seidl-Seiboth, V. The N-acetylglucosamine catabolic gene cluster in Trichoderma reesei is
controlled by the Ndt80-like transcription factor RON1. Mol. Microbiol. 2016, 99, 640–657. [CrossRef]

50. Naseem, S.; Min, K.; Spitzer, D.; Gardin, J.; Konopka, J.B. Regulation of hyphal growth and N-Acetylglucosamine Catabolism by
Two Transcription Factors in Candida albicans. Genetics 2017, 206, 299–314. [CrossRef] [PubMed]

51. Chen, C.G.; Yang, Y.L.; Tseng, K.Y.; Shih, H.I.; Liou, C.H.; Lin, C.C.; Lo, H.J. Rep1p negatively regulating MDR1 efflux pump
involved in drug resistance in Candida albicans. Fungal Genet. Biol. 2009, 46, 714–720. [CrossRef]

52. Homann, O.R.; Dea, J.; Noble, S.M.; Johnson, A.D. A phenotypic profile of the Candida albicans regulatory network. PLoS Genet.
2009, 5, e1000783. [CrossRef] [PubMed]

53. Min, K.; Biermann, A.; Hogan, D.A.; Konopka, J.B. Genetic analysis of NDT80 family transcription factors in Candida albicans
using new CRISPR-Cas9 approaches. mSphere 2018, 3. [CrossRef]

54. Davis, D.A. How human pathogenic fungi sense and adapt to pH: The link to virulence. Curr. Opin. Microbiol. 2009, 12, 365–370.
[CrossRef] [PubMed]

55. Naseem, S.; Araya, E.; Konopka, J.B. Hyphal growth in Candida albicans does not require induction of hyphal-specific gene
expression. Mol. Biol. Cell 2015, 26, 1174–1187. [CrossRef]

56. Vylkova, S.; Carman, A.J.; Danhof, H.A.; Collette, J.R.; Zhou, H.; Lorenz, M.C. The fungal pathogen Candida albicans autoinduces
hyphal morphogenesis by raising extracellular pH. MBio 2011, 2. [CrossRef] [PubMed]

57. Rikkerink, E.H.; Magee, B.B.; Magee, P.T. Opaque-white phenotype transition: A programmed morphological transition in
Candida albicans. J. Bacteriol. 1988, 170, 895–899. [CrossRef] [PubMed]

58. Pande, K.; Chen, C.; Noble, S.M. Passage through the mammalian gut triggers a phenotypic switch that promotes Candida albicans
commensalism. Nat. Genet. 2013, 45, 1088–1091. [CrossRef]

59. Zordan, R.E.; Galgoczy, D.J.; Johnson, A.D. Epigenetic properties of white–opaque switching in Candida albicans are based on a
self-sustaining transcriptional feedback loop. Proc. Natl. Acad. Sci. USA 2006, 103, 12807–12812. [CrossRef] [PubMed]

60. Cao, C.; Guan, G.; Du, H.; Tao, L.; Huang, G. Role of the N-acetylglucosamine kinase (Hxk1) in the regulation of white-gray-
opaque tristable phenotypic transitions in C. albicans. Fungal Genet. Biol. 2016, 92, 26–32. [CrossRef]

61. Zenke, F.T.; Engels, R.; Vollenbroich, V.; Meyer, J.; Hollenberg, C.P.; Breunig, K.D. Activation of Gal4p by galactose-dependent
interaction of galactokinase and Gal80p. Science 1996, 272, 1662–1665. [CrossRef] [PubMed]

62. Ghosh, S.; Rao, K.H.; Sengupta, M.; Bhattacharya, S.K.; Datta, A. Two gene clusters co-ordinate for a functional N-
acetylglucosamine catabolic pathway in Vibrio cholerae. Mol. Microbiol. 2011, 80, 1549–1560. [CrossRef]

63. Plumbridge, J.A. Repression and induction of the nag regulon of Escherichia coll K-12: The roles of nagC and nagA in maintenance
of the uninduced state. Mol. Microbiol. 1991, 5, 2053–2062. [CrossRef]

64. Pennetier, C.; Domínguez-Ramírez, L.; Plumbridge, J. Different regions of Mlc and NagC, homologous transcriptional repressors
controlling expression of the glucose and N-acetylglucosamine phosphotransferase systems in Escherichia coli, are required for
inducer signal recognition. Mol. Microbiol. 2008, 67, 364–377. [CrossRef]

65. Plumbridge, J. Co-ordinated regulation of amino sugar biosynthesis and degradation: The NagC repressor acts as both an
activator and a repressor for the transcription of the glmUS operon and requires two separated NagC binding sites. EMBO J.
1995, 14, 3958–3965. [CrossRef]

66. Struhl, K. Fundamentally different logic of gene regulation in eukaryotes and prokaryotes. Cell 1999, 98, 1–4. [CrossRef]
67. Heckman, D.S.; Geiser, D.M.; Eidell, B.R.; Stauffer, R.L.; Kardos, N.L.; Hedges, S.B. Molecular evidence for the early colonization

of land by fungi and plants. Science 2001, 293, 1129–1133. [CrossRef]
68. Jones, T.; Federspiel, N.A.; Chibana, H.; Dungan, J.; Kalman, S.; Magee, B.B.; Davis, R.W. The diploid genome sequence of

Candida albicans. Proc. Natl. Acad. Sci. USA 2004, 101, 7329–7334. [CrossRef]
69. Lavoie, H.; Sellam, A.; Askew, C.; Nantel, A.; Whiteway, M. A toolbox for epitope-tagging and genome-wide location analysis in

Candida albicans. BMC Genom. 2008, 9, 578. [CrossRef]
70. Hernday, A.D.; Noble, S.M.; Mitrovich, Q.M.; Johnson, A.D. Genetics and molecular biology in Candida albicans. Methods Enzymol.

2010, 470, 737–758.
71. Noble, S.M.; Johnson, A.D. Strains and strategies for large-scale gene deletion studies of the diploid human fungal pathogen

Candida albicans. Eukaryot. Cell 2005, 4, 298–309. [CrossRef]
72. Ho, J.W.; Bishop, E.; Karchenko, P.V.; Nègre, N.; White, K.P.; Park, P.J. ChIP-chip versus ChIP-seq: Lessons for experimental

design and data analysis. BMC Genom. 2011, 12, 134. [CrossRef]

http://dx.doi.org/10.1093/emboj/20.17.4753
http://dx.doi.org/10.1111/j.1365-2958.2012.08127.x
http://dx.doi.org/10.3390/jof6030129
http://dx.doi.org/10.1111/mmi.13256
http://dx.doi.org/10.1534/genetics.117.201491
http://www.ncbi.nlm.nih.gov/pubmed/28348062
http://dx.doi.org/10.1016/j.fgb.2009.06.003
http://dx.doi.org/10.1371/journal.pgen.1000783
http://www.ncbi.nlm.nih.gov/pubmed/20041210
http://dx.doi.org/10.1128/mSphere.00545-18
http://dx.doi.org/10.1016/j.mib.2009.05.006
http://www.ncbi.nlm.nih.gov/pubmed/19632143
http://dx.doi.org/10.1091/mbc.E14-08-1312
http://dx.doi.org/10.1128/mBio.00055-11
http://www.ncbi.nlm.nih.gov/pubmed/21586647
http://dx.doi.org/10.1128/JB.170.2.895-899.1988
http://www.ncbi.nlm.nih.gov/pubmed/2828333
http://dx.doi.org/10.1038/ng.2710
http://dx.doi.org/10.1073/pnas.0605138103
http://www.ncbi.nlm.nih.gov/pubmed/16899543
http://dx.doi.org/10.1016/j.fgb.2016.05.001
http://dx.doi.org/10.1126/science.272.5268.1662
http://www.ncbi.nlm.nih.gov/pubmed/8658143
http://dx.doi.org/10.1111/j.1365-2958.2011.07664.x
http://dx.doi.org/10.1111/j.1365-2958.1991.tb00828.x
http://dx.doi.org/10.1111/j.1365-2958.2007.06041.x
http://dx.doi.org/10.1002/j.1460-2075.1995.tb00067.x
http://dx.doi.org/10.1016/S0092-8674(00)80599-1
http://dx.doi.org/10.1126/science.1061457
http://dx.doi.org/10.1073/pnas.0401648101
http://dx.doi.org/10.1186/1471-2164-9-578
http://dx.doi.org/10.1128/EC.4.2.298-309.2005
http://dx.doi.org/10.1186/1471-2164-12-134

	Introduction 
	A Brief History of GlcNAc Signaling Developments 
	Role of Transcription Factors 
	Role of N-acetylglucosamine Kinase, Hxk1 in GlcNAc Signaling 
	Differences in the Fundamental Logic of GlcNAc Catabolic Gene Expression between C. albicans and E. coli 
	What Makes Candida albicans an Important Model System to Study GlcNAc Signaling? 
	Concluding Remarks and Future Perspectives 
	Open Questions 
	References

