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Fungal infections are a worldwide health problem and are a
leading cause of death in developing countries. They con-
tribute to pneumonia,1 asthma,2 and blindness.3 Fungal
infections also compound the morbidity of other diseases
like tuberculosis.4 In developed countries, invasive fungal
infections underlie mortality in immune-compromised
individuals with HIV/AIDS 5 and cancer patients undergo-
ing chemotherapy,6 and are the fourth largest cause of
blood infections. Improved diagnosis and new anti-fungal
drugs are recognized as key routes to improving patient
survival.7 Identifying and increasing the efficacy of anti-
fungal drugs is a world-wide health research priority.8

The cell wall is an attractive therapeutic target for fun-
gal pathogens. This extracellular organelle is accessible to
anti-fungal drugs and is the first site of contact by the
immune system. The current picture of the cell wall comes
from extensive research in multiple areas, including stud-
ies in model organisms where genetic and biochemical
approaches have identified cell wall proteins and polysac-
charides.9 The major polysaccharides in the cell wall are
b-1,3-glucans consisting of long linear chains of b-1,3-
linked glucose. Less abundant polysaccharides include
chitin and b-1,6-glucan. There is extensive cross-linking
between the polysaccharides that comprise the cell wall.
The cell wall is also composed of glycoproteins, which are
glycosylated by covalently modified N- and O-linked oli-
gosaccharide addition.10,11 The principle oligosaccharide
modification of cell wall proteins is mannosylation. Man-
nosylation can impact the function, stability, and localiza-
tion of proteins and can also lead to the cross linking of
glycoproteins to polysaccharides in the cell wall.12

The cell wall is a dynamic structure. It is rigid enough
to provide support and protection, yet is malleable

enough to allow for growth and differentiation. What’s
more, the cell wall can be reorganized in response to
environmental perturbations to promote adaptability
and disguise cells from recognition by the immune sys-
tem.13 Among the pathways that regulate cell wall bio-
synthesis and remodeling are mitogen-activated protein
kinase (MAPK) pathways. MAPK pathways are evolu-
tionarily conserved signaling pathways that control stress
responses, cell proliferation, and cell differentiation in
eukaryotes.14,15 In C. albicans, one MAPK pathway
implicated in cell wall regulation is the Cek1 pathway.16

The Cek1 pathway is regulated by transmembrane
sensors that detect alterations in the environment and
initiate cellular responses to these changes. The mucin-
like glycoprotein Msb2 is one of the regulators of the
Cek1 pathway. Msb2 is a single-pass transmembrane
protein with a cytosolic signaling domain and a heavily
glycosylated extracellular domain.17,18 The extracellular
domain of Msb2 is processed by secreted aspartic pro-
teases (SAPs). Release of the inhibitory glycosylated
domain is required for MAPK signaling.19,20 Msb2
detects (by some mechanism) limiting nutrients in the
environment and can also sense elevated temperatures.21

Other signaling pathways also impact cell wall integ-
rity. One is the cell wall integrity or Protein Kinase C
(PKC) pathway.22-24 Another is the Unfolded Protein
Response (UPR) pathway,21,25-27 whose major function
is to control protein folding in the endoplasmic reticu-
lum.28 Not surprisingly, problems with folding and gly-
cosylation of secreted and cell wall associated proteins
can impact the integrity of the cell wall. The fact that
multiple pathways regulate the cell wall underscores its
critical role in regulating fungal homeostasis.
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Landmark discoveries have opened up the field by identi-
fying receptors in the immune system and their substrates
on the fungal surface.29 Mannose-binding lectin is a serum
protein of the innate immune system that binds to and pro-
motes clearance of fungal microorganisms.30 The dectin-1
receptor on macrophages recognizes b-1,3-glucan in the
fungal cell wall.31,32 The dectin-2 receptor is a pattern recog-
nition receptor on dendritic and other cells that recognizes
fungal a-mannan.33,34 The pattern recognition receptor
galectin-3 onmacrophages detects phospholipomannan,35 a
sphingolipid in C. albicans 36 that when recognized elicits a
pathogen-specific response.37 Importantly, dectin-1 and
galectin-3 interact synergistically to improve the outcome of
host immune response toC. albicans b-glucans.38

In this issue, Rom�an et al. 39 build on the picture of Cek1
pathway-mediated control of cell wall regulation in C. albi-
cans. They show that cells lacking an intact Cek1 pathway
(cek1mutant) exhibit increased exposure of a-1,2-manno-
sides and b-1,2-mannosides. They reach this conclusion
by examining cell wall proteins with antibodies against
a-1,2- and b-1,2-mannosides. Under different conditions
and treatments, the authors see a striking increase in the
electrophoretic mobility of proteins with these modifica-
tions between wild-type cells and the cek1 mutant. This
may indicate that cell wall proteins become under-glycosy-
lated in the cek1 mutant or alternatively fail to become
linked to the cell wall. Together with the fact that the cek1
mutant has abnormally appearing cell walls by transmis-
sion electron microscopy, and that cek1 mutants have
increased b-1,3-glucan exposure,40,41 their findings sup-
port the idea that the cell wall is generally disorganized in
cells lacking the Cek1 pathway. This idea is supported by a
second set of experiments. The authors show that tunica-
mycin, an inhibitor of N-linked glycosylation that triggers
the UPR pathway and leads to under-glycosylation of cell
wall glycoproteins,42 exacerbates the growth and cell wall
defects of the cek1mutant. Their conclusion is in line with
other reports18,21,43 and may be due to the misfolding, mis-
incorporation, and/or problems with the processing and
release of under-glycosylated cell wall proteins.44

The authors go on to test the role of the immune system
in Cek1-mediated cell wall control. Because galectin-3 can
bind b-1,2-mannosides,37 the authors examined whether
Gal3 ¡/¡ mice showed increased fungal susceptibility in a
Cek1-dependent manner. As expected from previous stud-
ies,16C. albicans lacking the Cek1 pathway showed reduced
virulence in systemically infected mice. However, mice
lacking Gal3 did not restore the virulence of the cek1
mutant. Unexpectedly, Gal3 ¡/¡ mice survived even better
than wild-type mice systemically infected with C. albicans.
Thus, this work from the Pla group points to gaps in under-
standing the relationship between Gal3 and the molecular
basis of C. albicans recognition in the immune response.

This study by Rom�an et al.39 identifies directions for
future research. An important question moving forward
is to understand how the Cek1 pathway produces a cell
wall that is ‘invisible’ to the immune system. The CEK
pathway helps maintain an organized and healthy cell
wall by regulating proteins that control cell-wall biosyn-
thesis and remodeling. Who are these proteins? One
class of proteins are O-mannosyltransferases (Pmt pro-
teins) that initiate O-mannosylation and selectively gly-
cosylate mucins and other cell wall proteins.41,45,46 Other
target proteins continue to be uncovered by gene expres-
sion profiling by the Pla group and other laboratories.47

Biochemical analysis of these cell wall remodeling
enzymes may elucidate the precise role the CEK pathway
plays in regulating the cell wall. Innovative approaches,
like multivariate analysis of morphometric data,48 may
accelerate progress in this area. These proteins them-
selves represent attractive drug targets, because they
function outside the cell and may be accessible to anti-
fungal compounds.

A second question has to do with understanding the
functions of cell wall regulatory pathways. At least
3 major pathways control the cell wall: Cek1, PKC, and
UPR. Genetic buffering between these pathways compli-
cates assignment of the functions of each pathway in reg-
ulating cell wall function. Further complicating matters
is the fact that Cek1, PKC, and UPR show cross-regula-
tion.21,49-51 Therefore, new approaches are needed to
decipher the precise functions of the pathways in regulat-
ing the cell wall. Ultimately, studies on MAPK-depen-
dent cell wall regulation and immune recognition
promises to elucidate the functions of MAPK pathways
and their unique targets with the long-term goals of
reducing virulence and improving human health.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Funding

Apologies to authors whose work was not cited due to page
limitations. The authors are funded by grant from NIDCR
(DE022720).

References

[1] Pirrone M, Pinciroli R, Berra L. Microbiome, biofilms,
and pneumonia in the ICU. Curr Opin Infect Dis 2016;
29:160-6; PMID:26855081; http://dx.doi.org/10.1097/
QCO.0000000000000255

[2] Ogawa H, Fujimura M, Ohkura N, Satoh K, Makimura K.
Fungus-associated asthma: overcoming challenges in
diagnosis and treatment. Expert Rev Clin Immunol 2014;

VIRULENCE 503

http://dx.doi.org/10.1097/QCO.0000000000000255
http://dx.doi.org/10.1097/QCO.0000000000000255


10:647-56; PMID:24580109; http://dx.doi.org/10.1586/
1744666X.2014.892829

[3] Kredics L, Narendran V, Shobana CS, Vagvolgyi C,
Manikandan P, Indo-Hungarian Fungal Keratitis Work-
ing G. Filamentous fungal infections of the cornea: a
global overview of epidemiology and drug sensitivity.
Mycoses 2015; 58:243-60; PMID:25728367; http://dx.doi.
org/10.1111/myc.12306

[4] Lawn SD, Bekker LG, Middelkoop K, Myer L, Wood R.
Impact of HIV infection on the epidemiology of tuberculo-
sis in a peri-urban community in South Africa: the need for
age-specific interventions. Clin Infect Dis 2006; 42:1040-7;
PMID:16511773; http://dx.doi.org/10.1086/501018

[5] Armstrong-James D, Meintjes G, Brown GD. A neglected
epidemic: fungal infections in HIV/AIDS. Trends Micro-
biol 2014; 22:120-7; PMID:24530175; http://dx.doi.org/
10.1016/j.tim.2014.01.001

[6] d’Enfert C. Hidden killers: persistence of opportunistic
fungal pathogens in the human host. Curr Opin Micro-
biol 2009; 12:358-64; PMID:19541532; http://dx.doi.org/
10.1016/j.mib.2009.05.008

[7] Hahn-Ast C, Glasmacher A, Muckter S, Schmitz A,
Kraemer A, Marklein G, Brossart P, von Lilienfeld-Toal
M. Overall survival and fungal infection-related mortality
in patients with invasive fungal infection and neutrope-
nia after myelosuppressive chemotherapy in a tertiary
care centre from 1995 to 2006. J Antimicrob Chemother
2010; 65:761-8; PMID:20106864; http://dx.doi.org/
10.1093/jac/dkp507

[8] Krysan DJ. Toward improved anti-cryptococcal drugs:
Novel molecules and repurposed drugs. Fungal Genet
Biol 2015; 78:93-8; PMID:25514636; http://dx.doi.org/
10.1016/j.fgb.2014.12.001

[9] Free SJ. Fungal cell wall organization and biosynthesis.
Adv Genet 2013; 81:33-82; PMID:23419716; http://dx.
doi.org/10.1016/B978-0-12-407677-8.00002-6

[10] Klis FM, Sosinska GJ, de Groot PW, Brul S. Covalently
linked cell wall proteins of Candida albicans and their
role in fitness and virulence. FEMS Yeast Res 2009;
9:1013-28; PMID:19624749; http://dx.doi.org/10.1111/
j.1567-1364.2009.00541.x

[11] Chaffin WL. Candida albicans cell wall proteins. Micro-
biol Mol Biol Rev 2008; 72:495-544; PMID:18772287;
http://dx.doi.org/10.1128/MMBR.00032-07

[12] Ao J, Chinnici JL, Maddi A, Free SJ. The N-Linked Outer
Chain Mannans and the Dfg5p and Dcw1p Endo-alpha-
1,6-Mannanases Are Needed for Incorporation of Can-
dida albicans Glycoproteins into the Cell Wall. Eukaryot
Cell 2015; 14:792-803; PMID:26048011; http://dx.doi.
org/10.1128/EC.00032-15

[13] Halme A, Bumgarner S, Styles C, Fink GR. Genetic and
epigenetic regulation of the FLO gene family generates
cell-surface variation in yeast. Cell 2004; 116:405-15;
PMID:15016375; http://dx.doi.org/10.1016/S0092-8674
(04)00118-7

[14] Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase sig-
nalling pathways in cancer. Oncogene 2007; 26:3279-90;
PMID:17496922; http://dx.doi.org/10.1038/sj.onc.1210421

[15] Qi M, Elion EA. MAP kinase pathways. J Cell Sci 2005;
118:3569-72; PMID:16105880; http://dx.doi.org/10.1242/
jcs.02470

[16] Csank C, Schroppel K, Leberer E, Harcus D, Mohamed
O, Meloche S, Thomas DY, Whiteway M. Roles of the
Candida albicans mitogen-activated protein kinase homo-
log, Cek1p, in hyphal development and systemic candidi-
asis. Infect Immun 1998; 66:2713-21; PMID:9596738

[17] Cullen PJ, Sabbagh W, Jr., Graham E, Irick MM, van
Olden EK, Neal C, Delrow J, Bardwell L, Sprague GF, Jr.
A signaling mucin at the head of the Cdc42- and MAPK-
dependent filamentous growth pathway in yeast. Genes
Dev 2004; 18:1695-708; PMID:15256499; http://dx.doi.
org/10.1101/gad.1178604

[18] Roman E, Cottier F, Ernst JF, Pla J. Msb2 signaling mucin
controls activation of Cek1 mitogen-activated protein
kinase in Candida albicans. Eukaryot Cell 2009; 8:1235-49;
PMID:19542310; http://dx.doi.org/10.1128/EC.00081-09

[19] Vadaie N, Dionne H, Akajagbor DS, Nickerson SR,
Krysan DJ, Cullen PJ. Cleavage of the signaling mucin
Msb2 by the aspartyl protease Yps1 is required for
MAPK activation in yeast. J Cell Biol 2008; 181:1073-81;
PMID:18591427; http://dx.doi.org/10.1083/jcb.200704079

[20] Puri S, Kumar R, Chadha S, Tati S, Conti HR, Hube B,
Cullen PJ, Edgerton M. Secreted aspartic protease cleav-
age of Candida albicans Msb2 activates Cek1 MAPK sig-
naling affecting biofilm formation and oropharyngeal
candidiasis. PLoS One 2012; 7:e46020; PMID:23139737;
http://dx.doi.org/10.1371/journal.pone.0046020

[21] Saraswat D, Kumar R, Pande T, Edgerton M, Cullen PJ.
Signaling Mucin Msb2 Regulates Adaptation to Thermal
Stress in Candida albicans. Mol Microbiol 2016;
PMID:26749104; 100(3):425-41

[22] Levin DE. Regulation of cell wall biogenesis in
Saccharomyces cerevisiae: the cell wall integrity signaling
pathway. Genetics 2011; 189:1145-75; PMID:22174182;
http://dx.doi.org/10.1534/genetics.111.128264

[23] Navarro-Garcia F, Alonso-Monge R, Rico H, Pla J,
Sentandreu R, Nombela C. A role for the MAP kinase
gene MKC1 in cell wall construction and morphological
transitions in Candida albicans. Microbiology 1998; 144
(Pt 2):411-24; PMID:9493378; http://dx.doi.org/10.1099/
00221287-144-2-411

[24] Navarro-Garcia F, Sanchez M, Pla J, Nombela C. Func-
tional characterization of the MKC1 gene of Candida
albicans, which encodes a mitogen-activated protein
kinase homolog related to cell integrity. Mol Cell Biol
1995; 15:2197-206; PMID:7891715; http://dx.doi.org/
10.1128/MCB.15.4.2197

[25] Adhikari H, Cullen PJ. Metabolic Respiration Induces
AMPK- and Ire1p-Dependent Activation of the p38-
Type HOG MAPK Pathway. PLoS Genet 2014; 10:
e1004734; PMID:25356552; http://dx.doi.org/10.1371/
journal.pgen.1004734

[26] Leach MD, Cowen LE. Surviving the heat of the moment:
a fungal pathogens perspective. PLoS Pathog 2013; 9:
e1003163; PMID:23505364; http://dx.doi.org/10.1371/
journal.ppat.1003163

[27] Wimalasena TT, Enjalbert B, Guillemette T, Plumridge A,
Budge S, Yin Z, Brown AJ, Archer DB. Impact of the
unfolded protein response upon genome-wide expression
patterns, and the role of Hac1 in the polarized growth, of
Candida albicans. Fungal Genet Biol 2008; 45:1235-47;
PMID:18602013; http://dx.doi.org/10.1016/j.fgb.2008.06.001

504 P. J. CULLEN AND M. EDGERTON

http://dx.doi.org/10.1586/1744666X.2014.892829
http://dx.doi.org/10.1586/1744666X.2014.892829
http://dx.doi.org/25728367
http://dx.doi.org/10.1111/myc.12306
http://dx.doi.org/10.1086/501018
http://dx.doi.org/24530175
http://dx.doi.org/10.1016/j.tim.2014.01.001
http://dx.doi.org/19541532
http://dx.doi.org/10.1016/j.mib.2009.05.008
http://dx.doi.org/20106864
http://dx.doi.org/10.1093/jac/dkp507
http://dx.doi.org/25514636
http://dx.doi.org/10.1016/j.fgb.2014.12.001
http://dx.doi.org/23419716
http://dx.doi.org/10.1016/B978-0-12-407677-8.00002-6
http://dx.doi.org/10.1111/j.1567-1364.2009.00541.x
http://dx.doi.org/10.1111/j.1567-1364.2009.00541.x
http://dx.doi.org/18772287
http://dx.doi.org/10.1128/MMBR.00032-07
http://dx.doi.org/26048011
http://dx.doi.org/10.1128/EC.00032-15
http://dx.doi.org/10.1016/S0092-8674(04)00118-7
http://dx.doi.org/10.1016/S0092-8674(04)00118-7
http://dx.doi.org/10.1038/sj.onc.1210421
http://dx.doi.org/10.1242/jcs.02470
http://dx.doi.org/10.1242/jcs.02470
http://dx.doi.org/9596738
http://dx.doi.org/15256499
http://dx.doi.org/10.1101/gad.1178604
http://dx.doi.org/10.1128/EC.00081-09
http://dx.doi.org/10.1083/jcb.200704079
http://dx.doi.org/23139737
http://dx.doi.org/10.1371/journal.pone.0046020
http://dx.doi.org/26749104
http://dx.doi.org/22174182
http://dx.doi.org/10.1534/genetics.111.128264
http://dx.doi.org/10.1099/00221287-144-2-411
http://dx.doi.org/10.1099/00221287-144-2-411
http://dx.doi.org/7891715
http://dx.doi.org/10.1128/MCB.15.4.2197
http://dx.doi.org/10.1371/journal.pgen.1004734
http://dx.doi.org/10.1371/journal.pgen.1004734
http://dx.doi.org/10.1371/journal.ppat.1003163
http://dx.doi.org/10.1371/journal.ppat.1003163
http://dx.doi.org/10.1016/j.fgb.2008.06.001


[28] Cox JS, Shamu CE, Walter P. Transcriptional induction
of genes encoding endoplasmic reticulum resident pro-
teins requires a transmembrane protein kinase. Cell
1993; 73:1197-1206; PMID:8513503; http://dx.doi.org/
10.1016/0092-8674(93)90648-A

[29] Netea MG, Brown GD, Kullberg BJ, Gow NA. An inte-
grated model of the recognition of Candida albicans by the
innate immune system. Nat Rev Microbiol 2008; 6:67-78;
PMID:18079743; http://dx.doi.org/10.1038/nrmicro1815

[30] Brouwer N, Dolman KM, van Houdt M, Sta M, Roos D,
Kuijpers TW. Mannose-binding lectin (MBL) facilitates
opsonophagocytosis of yeasts but not of bacteria
despite MBL binding. J Immunol 2008; 180:4124-32;
PMID:18322223; http://dx.doi.org/10.4049/jimmunol.
180.6.4124

[31] Brown GD, Gordon S. Immune recognition. A new
receptor for beta-glucans. Nature 2001; 413:36-7;
PMID:11544516; http://dx.doi.org/10.1038/35092620

[32] Brown GD. Dectin-1: a signalling non-TLR pattern-rec-
ognition receptor. Nat Rev Immunol 2006; 6:33-43;
PMID:16341139; http://dx.doi.org/10.1038/nri1745

[33] Hall RA, Gow NA. Mannosylation in Candida albicans:
role in cell wall function and immune recognition. Mol
Microbiol 2013; 90:1147-61; PMID:24125554; http://dx.
doi.org/10.1111/mmi.12426

[34] Saijo S, Ikeda S, Yamabe K, Kakuta S, Ishigame H, Akitsu A,
Fujikado N, Kusaka T, Kubo S, Chung SH, et al. Dectin-2
recognition of alpha-mannans and induction of Th17 cell
differentiation is essential for host defense against Candida
albicans. Immunity 2010; 32:681-91; PMID:20493731;
http://dx.doi.org/10.1016/j.immuni.2010.05.001

[35] Jouault T, Ibata-Ombetta S, Takeuchi O, Trinel PA,
Sacchetti P, Lefebvre P, Akira S, Poulain D. Candida albi-
cans phospholipomannan is sensed through toll-like
receptors. J Infect Dis 2003; 188:165-72; PMID:12825186;
http://dx.doi.org/10.1086/375784

[36] Fradin C, Bernardes ES, Jouault T. Candida albicans
phospholipomannan: a sweet spot for controlling host
response/inflammation. Semin Immunopathol 2015;
37:123-30; PMID:25394861; http://dx.doi.org/10.1007/
s00281-014-0461-5

[37] Kohatsu L, Hsu DK, Jegalian AG, Liu FT, Baum LG.
Galectin-3 induces death of Candida species expressing
specific beta-1,2-linked mannans. J Immunol 2006;
177:4718-26; PMID:16982911; http://dx.doi.org/10.4049/
jimmunol.177.7.4718

[38] Esteban A, Popp MW, Vyas VK, Strijbis K, Ploegh HL,
Fink GR. Fungal recognition is mediated by the associa-
tion of dectin-1 and galectin-3 in macrophages. Proc
Natl Acad Sci U S A 2011; 108:14270-5; PMID:21825168;
http://dx.doi.org/10.1073/pnas.1111415108

[39] Rom�an E, Correia I, Salazin A, Fradin C, Jouault T,
Poulain D, Liu F-T, Pla J. The Cek1 mediated MAP
kinase pathway regulates exposure of alpha 1,2 and b 1,2
mannosides in the cell wall of Candida albicans modulat-
ing immune recognition. Virulence 2016; 7(5): 558-577;
http://dx.doi.org/10.1080/21505594.2016.1163458

[40] Galan-Diez M, Arana DM, Serrano-Gomez D, Kremer L,
Casasnovas JM, Ortega M, Cuesta-Dominguez A, Corbi
AL, Pla J, Fernandez-Ruiz E. Candida albicans beta-glu-
can exposure is controlled by the fungal CEK1-mediated

mitogen-activated protein kinase pathway that modulates
immune responses triggered through dectin-1. Infect
Immun 2010; 78:1426-36; PMID:20100861; http://dx.doi.
org/10.1128/IAI.00989-09

[41] Cantero PD, Ernst JF. Damage to the glycoshield acti-
vates PMT-directed O-mannosylation via the Msb2-
Cek1 pathway in Candida albicans. Mol Microbiol 2011;
80:715-25; PMID:21375589; http://dx.doi.org/10.1111/
j.1365-2958.2011.07604.x

[42] Sanz P, Herrero E, Sentandreu R. Role of glycosylation in
the incorporation of intrinsic mannoproteins into cell
walls of Saccharomyces cerevisiae. FEMS Microbiol Lett
1989; 57:265-269; PMID:2656386; http://dx.doi.org/
10.1111/j.1574-6968.1989.tb03346.x

[43] Herrero de Dios C, Roman E, Diez C, Alonso-Monge R,
Pla J. The transmembrane protein Opy2 mediates activa-
tion of the Cek1 MAP kinase in Candida albicans. Fungal
Genet Biol 2013; 50:21-32; PMID:23149115; http://dx.
doi.org/10.1016/j.fgb.2012.11.001

[44] Miller KA, DiDone L, Krysan DJ. Extracellular secretion
of overexpressed glycosylphosphatidylinositol-linked cell
wall protein Utr2/Crh2p as a novel protein quality con-
trol mechanism in Saccharomyces cerevisiae. Eukaryot
Cell 2010; 9:1669-79; PMID:20833895; http://dx.doi.org/
10.1128/EC.00191-10

[45] Gentzsch M, Tanner W. The PMT gene family: protein
O-glycosylation in Saccharomyces cerevisiae is vital.
EMBO J 1996; 15:5752-9; PMID:8918452

[46] Szafranski-Schneider E, Swidergall M, Cottier F, Tielker
D, Roman E, Pla J, Ernst JF. Msb2 shedding protects
Candida albicans against antimicrobial peptides. PLoS
Pathog 2012; 8:e1002501; PMID:22319443; http://dx.doi.
org/10.1371/journal.ppat.1002501

[47] Huang H, Harcus D, Whiteway M. Transcript profiling
of a MAP kinase pathway in C. albicans. Microbiol Res
2008; 163:380-93; PMID:18467082; http://dx.doi.org/
10.1016/j.micres.2008.03.001

[48] Okada H, Ohnuki S, Roncero C, Konopka JB, Ohya Y.
Distinct roles of cell wall biogenesis in yeast morphogen-
esis as revealed by multivariate analysis of high-dimen-
sional morphometric data. Mol Biol Cell 2014; 25:222-33;
PMID:24258022; http://dx.doi.org/10.1091/mbc.E13-07-
0396

[49] Scrimale T, Didone L, de Mesy Bentley KL, Krysan DJ. The
unfolded protein response is induced by the cell wall integ-
rity mitogen-activated protein kinase signaling cascade
and is required for cell wall integrity in Saccharomyces cer-
evisiae. Mol Biol Cell 2009; 20:164-75; PMID:18971375;
http://dx.doi.org/10.1091/mbc.E08-08-0809

[50] Adhikari H, Vadaie N, Chow J, Caccamise LM, Cha-
vel CA, Li B, Bowitch A, Stefan CJ, Cullen PJ. Role of
the unfolded protein response in regulating the
mucin-dependent filamentous-growth mitogen-acti-
vated protein kinase pathway. Mol Cell Biol
2015; 35:1414-32; PMID:25666509; http://dx.doi.org/
10.1128/MCB.01501-14

[51] Roman E, Alonso-Monge R, Miranda A, Pla J. The Mkk2
MAPKK Regulates Cell Wall Biogenesis in Cooperation
with the Cek1-Pathway in Candida albicans. PLoS One
2015; 10:e0133476; PMID:26197240; http://dx.doi.org/
10.1371/journal.pone.0133476

VIRULENCE 505

http://dx.doi.org/8513503
http://dx.doi.org/10.1016/0092-8674(93)90648-A
http://dx.doi.org/10.1038/nrmicro1815
http://dx.doi.org/10.4049/jimmunol.<?A3B2 re3j?>180.6.4124
http://dx.doi.org/10.4049/jimmunol.<?A3B2 re3j?>180.6.4124
http://dx.doi.org/10.1038/35092620
http://dx.doi.org/10.1038/nri1745
http://dx.doi.org/24125554
http://dx.doi.org/10.1111/mmi.12426
http://dx.doi.org/20493731
http://dx.doi.org/10.1016/j.immuni.2010.05.001
http://dx.doi.org/12825186
http://dx.doi.org/10.1086/375784
http://dx.doi.org/10.1007/s00281-014-0461-5
http://dx.doi.org/10.1007/s00281-014-0461-5
http://dx.doi.org/10.4049/jimmunol.177.7.4718
http://dx.doi.org/10.4049/jimmunol.177.7.4718
http://dx.doi.org/21825168
http://dx.doi.org/10.1073/pnas.1111415108
http://dx.doi.org/20100861
http://dx.doi.org/10.1128/IAI.00989-09
http://dx.doi.org/10.1111/j.1365-2958.2011.07604.x
http://dx.doi.org/10.1111/j.1365-2958.2011.07604.x
http://dx.doi.org/2656386
http://dx.doi.org/10.1111/j.1574-6968.1989.tb03346.x
http://dx.doi.org/23149115
http://dx.doi.org/10.1016/j.fgb.2012.11.001
http://dx.doi.org/20833895
http://dx.doi.org/10.1128/EC.00191-10
http://dx.doi.org/8918452
http://dx.doi.org/22319443
http://dx.doi.org/10.1371/journal.ppat.1002501
http://dx.doi.org/18467082
http://dx.doi.org/10.1016/j.micres.2008.03.001
http://dx.doi.org/10.1091/mbc.E13-07-0396
http://dx.doi.org/10.1091/mbc.E13-07-0396
http://dx.doi.org/18971375
http://dx.doi.org/10.1091/mbc.E08-08-0809
http://dx.doi.org/25666509
http://dx.doi.org/10.1128/MCB.01501-14
http://dx.doi.org/26197240
http://dx.doi.org/10.1371/journal.pone.0133476

	Disclosure of potential conflicts of interest
	Funding
	References

