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Abstract
Filamentous fungi have proven to be a better-suited model system than
unicellular yeasts in analyses of cellular processes such as polarized growth,
exocytosis, endocytosis, and cytoskeleton-based organelle traffic. For
example, the filamentous fungus  develops a variety ofNeurospora crassa
cellular forms. Studying the molecular basis of these forms has led to a better,
yet incipient, understanding of polarized growth. Polarity factors as well as Rho
GTPases, septins, and a localized delivery of vesicles are the central elements
described so far that participate in the shift from isotropic to polarized growth.
The growth of the cell wall by apical biosynthesis and remodeling of
polysaccharide components is a key process in hyphal morphogenesis. The
coordinated action of motor proteins and Rab GTPases mediates the vesicular
journey along the hyphae toward the apex, where the exocyst mediates vesicle
fusion with the plasma membrane. Cytoplasmic microtubules and actin
microfilaments serve as tracks for the transport of vesicular carriers as well as
organelles in the tubular cell, contributing to polarization. In addition to
exocytosis, endocytosis is required to set and maintain the apical polarity of the
cell. Here, we summarize some of the most recent breakthroughs in hyphal
morphogenesis and apical growth in  and the emerging questions thatN. crassa
we believe should be addressed.

   Referee Status:

 Invited Referees

 version 1
published
30 Nov 2016

  1 2 3

 30 Nov 2016, (F1000 Faculty Rev):2801 (doi: First published: 5
)10.12688/f1000research.9679.1

 30 Nov 2016, (F1000 Faculty Rev):2801 (doi: Latest published: 5
)10.12688/f1000research.9679.1

v1

Page 1 of 12

F1000Research 2016, 5(F1000 Faculty Rev):2801 Last updated: 30 NOV 2016

http://f1000research.com/channels/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty
http://f1000.com/prime/thefaculty
https://f1000research.com/articles/5-2801/v1
https://f1000research.com/articles/5-2801/v1
https://f1000research.com/articles/5-2801/v1
http://dx.doi.org/10.12688/f1000research.9679.1
http://dx.doi.org/10.12688/f1000research.9679.1
http://crossmark.crossref.org/dialog/?doi=10.12688/f1000research.9679.1&domain=pdf&date_stamp=2016-11-30


F1000Research

 Meritxell Riquelme ( )Corresponding author: riquelme@cicese.mx
 Riquelme M and Martínez-Núñez L. How to cite this article: Hyphal ontogeny in : a model organism for all seasonsNeurospora crassa

  2016, (F1000 Faculty Rev):2801 (doi: )[version 1; referees: 3 approved] F1000Research 5 10.12688/f1000research.9679.1
 © 2016 Riquelme M and Martínez-Núñez L. This is an open access article distributed under the terms of the Copyright: Creative Commons

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Attribution Licence
 The author(s) declared that no grants were involved in supporting this work.Grant information:

 Competing interests: The authors declare that they have no competing interests.

 30 Nov 2016, (F1000 Faculty Rev):2801 (doi: ) First published: 5 10.12688/f1000research.9679.1

Page 2 of 12

F1000Research 2016, 5(F1000 Faculty Rev):2801 Last updated: 30 NOV 2016

http://dx.doi.org/10.12688/f1000research.9679.1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.12688/f1000research.9679.1


Introduction
Polarity is the key feature in all living cells and allows the 
asymmetrical transport of components to precise cellular sites.  
Filamentous fungi present one of the most extreme cases of  
polarized tip growth, among the different cell types that also extend 
apically (for example, pollen tubes, neurons, and root hairs). Fungal  
tubular cells, so-called hyphae, extend by continuous expansion 
of their apices through a complex mechanism that involves the  
coordinated directional supply of material needed for plasma 
membrane (PM) and cell wall growth. This process, hyphal  
morphogenesis, has increasingly been in the spotlight of fungal 
biology research in recent years.

Neurospora crassa, “the orange bread mold” discovered in French 
bakeries in the 19th century1, has been at the vanguard of biochem-
istry, genetics, and biological research for nearly a century. Several 
reviews have highlighted the historical contribution of N. crassa 
to many areas of biology, including pioneering work on DNA  
silencing and circadian rhythms2,3. The genetic basis of the transi-
tion from single spherical conidia (asexual spore) to a large net-
work of filamentous tubular hyphae4 has been at the forefront of 
fungal biological research, elucidating both fungal morphogenesis 
and polarized growth. Most research aimed at identifying key play-
ers in hyphal morphogenesis before the availability of genome data 
involved forward genetics screens—bottom-up approaches—in 
which randomly generated mutants were analyzed to discover 
the function of a gene. This in fact was the basis for the leading 
work of the Nobel laureates George Beadle and Edward Tatum that  
established the relationship between genetics and biochemistry5. 
When this strategy was followed, many N. crassa morphological 
mutants were generated6.

The increasing availability of sequenced genomes made it possible 
to apply reverse genetics screens—top-down directed approaches—
to silence or mutate specific genes and evaluate the resulting pheno-
types. Sequencing of the N. crassa genome7,8, along with other key 
developments (expression plasmids for protein tagging9,10, recipient 
strains deficient in non-homologous end joining11, and knockout 
cassettes for all annotated open reading frames12,13), revolutionized  
the field of fungal biology and quickly accelerated the number 
of studies on N. crassa, which set out to analyze the distribution, 
dynamics, and function of subcellular components14. Needless to 
say, this led to significant advances in our understanding of fungal 
morphogenesis.

Research in genetics, biochemistry, and more recently “omics” 
conducted on N. crassa clearly contributed to many important 
insights into how fungal hyphae are shaped. This review focuses on 
the most recent findings on key subcellular structures determining  
hyphal ontogenesis in N. crassa.

Hyphal morphogenesis
N. crassa exhibits a variety of cell morphologies corresponding to 
different developmental stages. The morphogenetic changes initiate 
when a conidium begins to grow isotropically during the first hours 
of hydration; soon after, the symmetry is broken, growth becomes 
polarized, and the resulting germ tube continues extending by apical  
polarized growth until it becomes a fully mature hypha. Further 

branching from subapical compartments generates new hyphal tips 
capable of fusing with each other and generating a mycelium6,15–18.

Some remarkable differences in growth and intracellular  
organization have been described between germ tubes and mature  
vegetative hyphae in N. crassa. The most prominent characteris-
tic of the apex in mature hyphae of N. crassa is the Spitzenkörper 
(Spk), a conspicuous accumulation of vesicles, ribosomes, actin 
microfilaments, and amorphous material of undefined nature19. 
During the early stages of development, no Spk can be perceived 
at the germling apex20 and this is most likely because of the insuf-
ficient number of tip-directed secretory vesicles21. In addition, 
organelle distribution is disorganized in germlings and cytoplasmic 
microtubules (MTs) are less abundant, shorter, and differently dis-
tributed compared with mature hyphae20. A widely accepted fungal  
morphogenesis model proposed that the Spk behaves as a  
vesicle supply center (VSC)22. According to this model, the forward 
advancement of the VSC and the concomitant release of vesicles 
would generate an ideal hypha23. An alteration of the number of 
released vesicles, the rate of advancement of the VSC, or a sus-
tained displacement of its central position would generate several 
cell shapes, including branches and meandering hyphae24. Growth 
of N. crassa in confined microfluidic structures, which mimic some 
of the characteristics in the natural environment, has allowed analy-
sis of the thigmotropic response of individual hyphae and tip growth 
to changes in the environment25 and has enabled long-term tracking 
to monitor, in real time, fluorescent reporters of molecular mech-
anisms such as circadian rhythms26. In germlings with structures 
associated with cell fusion, so-called conidial anastomosis tubes 
(CATs), the displacement of activated GTPase clusters initiates 
repositioning of the apical secretory vesicle delivery machinery in 
response to chemotropic cues, offering an explanation of how direc-
tional tip growth is accomplished in cell types that lack a Spk27.

Prior to symmetry breakage of an N. crassa spore, there is accumu-
lation and localized activation of the small Rho GTPase CDC-42 
and its guanidine exchange factor (GEF) CDC-2427,28. Once a 
polarized germ tube has emerged, a second RHO GTPase, RAC, is 
recruited at the incipient tip forming a crescent28. CDC-42 and RAC 
regulate the negative chemotropism exhibited during germ tube 
development and the positive chemotropism observed during CAT 
formation and cell fusion27. In mature hyphae, CDC-42, CDC-24, 
and RAC are localized at the apical dome28 (Figure 1A). The 
homologues of the polarisome components BUD-6 and SPA-2 are 
required for the maintenance of apical growth and cell morphology 
of N. crassa germlings and hyphae but not for cell symmetry break-
age during conidial germination28,29. SPA-2 accumulates at apices of 
hyphae adopting a fan shape, whose base co-localizes partially with 
the Spk core30. BUD-6 accumulates at the apical PM, excluding the 
very tip. In addition, the formin BNI-1 (an F-actin polymerization 
protein), another polarisome putative component, has a distribution  
similar to that of BUD-6 but also co-localizes with the Spk29 
(Figure 1A). Polarisome proteins are possibly involved in the  
thigmotropic response of N. crassa by mediating the reorientation 
of actin microfilaments, thereby regulating the vectorial flow of 
vesicles to the tip31. It has been proposed that to convey information  
from the sensing apex to the transcriptional machinery that is 
located several micrometers behind the tip (11 μm in Aspergillus 

Page 3 of 12

F1000Research 2016, 5(F1000 Faculty Rev):2801 Last updated: 30 NOV 2016



Figure 1. Representation of the localization pattern of proteins participating in hyphal morphogenesis in Neurospora crassa.  
(A) Spatial distribution of the polarisome components (SPA-2, BUD-6, and BNI-1), Rho GTPases (RAC, CDC-42, and CDC-24), and septins 
(CDC-3, CDC-10, CDC-11, CDC-12, and ASP-1) during early developmental stages. (B) Spatial distribution of the polarisome, Rho GTPases, 
GEFs (CDC-24 and RGF-1), Rab GTPases (YPT-1, YPT-31, and SEC-4), septins (CDC-3, CDC10, CDC11, CDC12, and ASP-1), actin-binding 
proteins (TPM-1, LIFE ACT, FIM-1, CRN-1, ARP3, MYO-1, and MYO-5), exocyst components (EXO-70, EXO-84, SEC-3, SEC-5, SEC-6,  
SEC-8, and SEC-15), and cell wall biosynthetic enzymes (FKS-1, GS-1, and CHS-1 to CHS-7) participating in apical extension of mature 
hyphae. Each protein displays one or two color tags corresponding to a specific distribution pattern.

nidulans, 12 μm in N. crassa, and 22 μm in Ustilago maydis32–34), a 
signal is able to travel in the opposite direction from growing tips 
to the nuclei33.

Building the cell wall
Fungal hyphae are surrounded by a wall made of polysaccharides 
and glycoproteins, which helps the cell withstand internal pressure 
and serves as an external barrier against environmental stresses. 
It is therefore essential for the optimal development and survival 
of fungi. In N. crassa, the cell wall comprises an inner layer of 
chitin (9%) and β-1,3-glucans (87%) microfibrils, embedded in a 
matrix-like material composed of galactomannans, mixed traces of 

β-1,4-glucans, glucuronic acid, and glycoproteins35–39. These elements 
are enzymatically cross-linked to form a three-dimensional network.

The cell wall is synthesized at the apex and its assembly is respon-
sible for hyphal shape40. Chitin is synthesized by a family of chitin 
synthases (CHSs), CHS-1 to CHS-7, in N. crassa41. These trans-
membrane proteins take N-acetylglucosamine subunits (Glc-NAc) 
from a UDP-Glc-NAc donor and polymerize them into a linear 
chain of chitin (β-1,4-Glc-NAc)36. β-1,3-glucans are manufac-
tured by a glucan synthase complex (GSC) composed of FKS-1 
(catalytic subunit), RHO-1 (regulatory subunit), and a third protein, 
GS-1 (orthologous to Knr4p/Smi1p in Saccharomyces cerevisiae), 
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required for β-1,3-glucan synthase activity42,43. The GSC takes 
glucose (Glc) subunits from the cytoplasmic donor UDP-Glc  
and extends them into a growing chain of β-1,3-glucans.  
Chitin and β-1,3-glucans are extruded as linear polysaccharides 
into the cell wall space, where they are modified by cross-linking 
enzymes36,44.

α-1,3-glucans have been described as an important component 
of the fungal cell wall45,46, but in N. crassa these polysaccha-
rides have been detected in macroconidia only47. Additional pro-
teomic analysis indicated compositional differences between cell 
walls of conidia and hyphae, suggesting differential regulation of  
polysaccharide biosynthesis through development48. Mannan and 
galactomannan are found as glycoconjugates on cell walls. The  
α-1,6-mannosyltransferase OCH-1 and the α-1,6-mannanases 
DFG-5 and DCW-1 are required for the efficient covalent incor-
poration of glycosylated proteins into the cell wall37,44. Many of 
these proteins are found attached to the PM by a glycosylphos-
phatidylinositol (GPI) anchor, an indispensable post-translational  
modification for optimal cell wall function in N. crassa49.

A few decades ago, the unitary model of cell wall growth pro-
posed that cell wall construction during apical extension requires 
a delicate balance of exocytic vesicles carrying lytic enzymes for 
cell wall softening as well as simultaneous secretion of vesicles  
transporting synthesizing enzymes50. Subsequently, the steady-state 

model introduced the concept of plastic cell wall material extruded 
to the apex as individual chains, which gradually become cross-
linked at the subapex by glycosyltransferases, resulting in the  
hardening of the cell wall51. The role of remodeling enzymes such 
as chitinases, glucanases, or glycosyltransferases has recently been 
addressed in N. crassa. To elucidate the role of glycosyl hydro-
lase (GH) family 18 in N. crassa growth, deletion strains for the  
corresponding genes were phenotypically characterized. The lack of 
GPI-anchored chitinase CHIT-1 led to a decrease in growth rate, sug-
gesting a potential role of chitinases in hyphal extension52. Subcel-
lular distribution analysis of chitinases has not been carried out in N. 
crassa. However, recently, two GPI-anchored β-1,3-endoglucanases,  
BGT-1 and BGT-2, with predicted glycosyltransferase activity 
(GH-17) were reported at cell wall remodeling sites (that is, hyphal 
apices and septa) during N. crassa vegetative development53. These 
observations and previous attempts to reconcile the above-men-
tioned models54 led to a new, integrated model of cell wall assem-
bly. Remodeling enzymes, such as β-1,3-endoglucanases with glyc-
osyltransferase activity that are anchored to the PM, hydrolyze long 
chains of β-1,3-glucans (at the tip) and transfer the cleaved resi-
dues to other chains. The new amenable free ends generated can be  
further cross-linked with chitin or glycoproteins, thus contributing 
to the construction of new cell wall53 (Figure 2). Nonetheless, further 
analysis of the cellular distribution of different cell wall remodeling 
enzymes is needed to attain a more comprehensive understanding 
of the process.

Figure 2. Apical distribution of the cell wall biosynthetic nanomachinery. FKS-1 and CHS are transmembrane proteins that take precursors 
from the cytoplasm to incorporate them into a growing chain of β-1,3-glucan or chitin, respectively. The polysaccharide chains are extruded 
to the cell wall and remodeled by glycosylphosphatidylinositol (GPI) glycosyltransferases that hydrolyze the chains and transfer the cleaved 
residues to another chain of β-1,3-glucan or chitin. Polysaccharide chains are cross-linked to cell wall glycoproteins.
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Figure 3. Depiction of a Neurospora crassa hyphal apex and subapex with some of the components participating in polarized growth. 
Vesicles move along microtubules or actin microfilaments, helped by motor proteins, to reach the Spitzenkörper (Spk). There, vesicles 
accumulate prior to fusing to the plasma membrane via exocytosis. At the subapex, an actin collar mediates endocytosis and recycling of 
important polarity factors. Some representative organelles are shown.

The apical machinery
Decades after the discovery of the Spk in Coprinus fixed cells 
using iron-hematoxylin staining and in living hyphae of Polystictus 
versicolor by phase-contrast microscopy55,56, the pivotal role of the 
Spk in maintaining apical growth and determining hyphal growth 
direction and morphology was confirmed19. Hence, it was predicted 
that the vesicles that comprise the Spk carry cell wall biosynthetic 
enzymes50,57. This hypothesis has been proven correct in the past 
few years. In N. crassa, all CHSs (CHS-1 to CHS-7) accumulate at 
the core of the Spk58–60, whereas FKS-1, GS-1, and RGF-1 (RHO-1  
GEF) accumulate at the periphery of the Spk61–63. The localization 
pattern of CHS and the GSC in the inner and outer regions of the 
Spk corresponds to the microvesicular (chitosomes) and macrove-
sicular regions of the Spk (Figure 1B and Figure 3), revealed by 
transmission electron microscopy in N. crassa and by electron 
tomography in A. nidulans64,65. Small RAB GTPases mediate the 
traffic of vesicles. In N. crassa, YPT-1Rab1 was detected in the Spk 
microvesicular core, whereas SEC-4Rab8 and YPT-31Rab11 occupied 
the Spk macrovesicular peripheral layer, implying different regula-
tory pathways for each type of vesicle66 (Figure 1B). In A. nidu-
lans, RabCRab6 and RabORab1 were also found at the Spk, although 
their localization could not be correlated to a specific population of  
vesicles67,68. Recent evidence demonstrated that the A. nidulans GS-
1 homologue GsaA also accumulates at the outer region of the Spk69. 
Remarkably, the flippases DnfA and DnfB, which regulate phos-
pholipid asymmetry and presumably membrane bending, occupy 
the outer and inner regions of the Spk in A. nidulans, respectively, a 
finding that supports differences in the nature of the Spk secretory 
vesicles69. In contrast, Chs6, a class VII CHS in the maize pathogen 
basidiomycete U. maydis, is transported in vesicles carrying Mcs1, 

a class V CHS with an N-terminal myosin motor domain similar to 
that of myosin-570. Also, Gsc1, the U. maydis homologue of Fks1, 
is delivered in Mcs1-containing vesicles. U. maydis, however, does 
not display an Spk in any of its yeast or hyphal forms and has growth 
rates several orders of magnitude lower than those of N. crassa.

The short-distance delivery of vesicles from the Spk to the cell  
surface requires the orchestrated action of the exocyst complex, 
which tethers vesicles to the PM before their soluble N-ethylmale-
imide sensitive factor attachment protein receptor-dependent fusion 
at specific PM sites. In N. crassa, the exocyst consists of eight pro-
teins that seem to be essential for viability, except for SEC-5, whose 
loss resulted in impaired secretion and aberrant morphology71. SEC-
3 accumulates between the Spk outer layer and the PM; SEC-5,  
SEC-6, SEC-8, SEC-10, and SEC-15 accumulate as a surface cres-
cent in the apical PM; and EXO-70 and EXO-84 accumulate pri-
marily in the Spk outer layer71 (Figure 1B). Thus, in N. crassa, all 
exocyst components were excluded from the microvesicular region, 
leaving an open question about the secretion mechanism followed 
by chitosomes from the Spk to the cell surface. In the rice patho-
gen Magnaporthe oryzae, the exocyst proteins Sec5 and Exo70  
participate in an alternate exocytic pathway for cytoplasmic 
effector proteins destined to be delivered to the host cells during  
biotrophic invasion of rice72.

Of filaments and nanomotors: connecting exocytosis 
and endocytosis
A complex network of proteins organized in a variety of forms 
such as tubules, patches, filaments, rings, and scaffolds composes 
the cytoskeleton in fungal cells. Collectively, cytoskeletal elements 
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participate in shaping the hyphae, in the positioning and shuttling 
of vesicles and organelles, and in cellular division. The large cells 
of N. crassa constitute an excellent experimental system to study 
in great detail the distribution, dynamics, and function of the main 
cytoskeletal components: MTs, actin, associated proteins, molecular  
motors, and septins.

Immunolocalization studies of cryo-fixed N. crassa cells revealed 
long prominent cytoplasmic MTs distributed longitudinally along 
the axis of growth of hyphae64. Subsequently, live imaging by  
confocal laser scanning microscopy of N. crassa cells express-
ing green fluorescent protein (GFP)-tagged β-tubulin revealed with 
unprecedented detail the dynamics and three-dimensional organiza-
tion of MTs73. Often an intertwined network of helical cytoplas-
mic MTs and individual MTs grouped at times into bundles was 
observed73. Although there is no direct evidence of vesicles moving 
along MTs, cumulative observations suggest tip-directed vesicle 
traffic via an MT-based mechanism until vesicles reach the Spk, 
where a switch to the actin cytoskeleton occurs65. MTs extend to 
the hyphal apex, either terminating at the vicinity of the Spk or 
traversing it and reaching the apical PM (Figure 3). When the Spk 
is displaced from its most forward position and growth temporar-
ily ceases, a rearrangement of the long MTs into short segments 
and bundles of MTs surrounding the retracted Spk is observed and 
this supports the association suggested between the Spk (or its  
constituents) and MTs73.

In N. crassa, both plus-ends and minus-ends are present at hyphal 
tips74, indicative of MT mixed polarity. The dynamic plus-ends of 
MTs undergo rapid polymerization and depolymerization, a phe-
nomenon known as dynamic instability74. Analysis of MT dynamic 
instability in mature leading hyphae of N. crassa by total internal 
reflection fluorescence microscopy revealed very fast MT polym-
erization rates that depend on the role of molecular motors74. Lis1, 
an MT plus-end-binding protein, is involved in the regulation of the 
dynein/dynactin complex in humans75. In N. crassa, two paralogues 
of Lis1—LIS1-1 and LIS1-2—were identified in the hyphal api-
cal dome as short filaments or comet-like structures decorating the  
terminal plus-ends of the MTs76, similar to the distribution of the MT 
plus-end-binding protein MTB-3, a homologue of EB177. LIS1-1  
localization was found to be dependent on the minus-end-directed 
MT-associated motor dynein and dynactin (p150Glued)76,78. 
Importantly, the dynein-dynactin complex has a role not only in 
minus-end-directed cargo traffic but also in the organization of the  
MTs in N. crassa76.

Within the superfamily of kinesins, 10 different kinesins have been 
reported for filamentous fungi79. In N. crassa, conventional kinesin-1  
KIN-1 (NKIN) is believed to be responsible for vesicular transport 
and also nuclear, mitochondrial, and vacuolar migration80. How-
ever, an N. crassa strain expressing KIN-1-GFP displayed dispersed 
cytoplasmic fluorescence81. Microscopy approaches with a better 
temporal and spatial resolution may be needed to resolve the traffic  
of these motors. Alternatively, another unexplored kinesin could 
be responsible for vesicular traffic. Kinesin-3 NKIN2 co-localized 
with YPT-52Rab5, indicating its involvement in the transport of early 
endosomes, as has been previously observed, for kinesin-3 motors 
in U. maydis and A. nidulans81–83. The role of NKIN2 in early 

endosome transport was confirmed in Nkin2 deletion mutants, 
where endosomal movement was strongly reduced81. The  
shuttling of early endosomes in the opposite direction also depends 
on dynein81,84–86. The role of early endosomes in apical growth is 
just starting to be disclosed. Early endosomes are much more than 
mere organelles originated from endocytosis. They are intercon-
nected with other organelles of the secretory pathway and behave 
as another hub for sorting cargos (Golgi compartments have been 
traditionally considered the main sorting hub of the cell). For exam-
ple, U. maydis and A. nidulans endosomes transport peroxisomes,  
endoplasmic reticulum, lipid droplets, and mRNAs85,87,88. N. crassa 
has a peroxisome-derived organelle, the Woronin body (WB), which 
reseals membrane lesions by occluding septa89. WBs are associ-
ated with the cell cortex and the cell apex via a Leashin tether that  
promotes WB inheritance and holds it in position until signals  
from cellular damage induce release, translocation to the septal 
pore, and membrane resealing90 (Figure 3).

Motor protein rigor mutants, with a point mutation in the ATP-bind-
ing site, bind to the cytoskeletal element but cannot hydrolyze ATP, 
and this ATP-bound form is irreversibly locked to its cytoskeleton 
partner91. In N. crassa, NKIN2rigor-GFP was found to associate 
preferentially with a subpopulation of straight detyrosinated MTs, 
as reported earlier for the corresponding A. nidulans orthologue 
UncA83. Although the role of post-translational modifications in 
MTs is not totally understood, it is possible that they serve as a 
traffic signal for specific organelles. Thus, the existence of different 
populations of MTs could ensure that the tip-directed transport of 
cargo along a subpopulation of MTs remains stable during mitosis, 
when most cytoplasmic MTs are disassembled92.

Though not absolutely indispensable for polarized growth, MTs 
and MT-associated molecular motors are important for Spk stability 
and hyphal morphogenesis93. Mutations or inhibitors leading to 
MT disorganization in N. crassa cause growth defects, distorted 
hyphal morphology, and erratic Spk movement while maintaining  
polarized growth64,78. In contrast, actin is essential for hyphal polar-
ity. Direct tagging of G-actin with fluorescent proteins has not been 
possible in N. crassa. To circumvent this, several F-actin-binding 
proteins, including fimbrin (FIM), tropomyosin (TPM-1), coronin 
(CRN-1), ARP-3, and Lifeact, a 17-amino-acid peptide derived 
from S. cerevisiae Abd120p, were fluorescently tagged and imaged 
by live microscopy94–97. The Lifeact reporter uncovered different 
subpopulations of actin macromolecular structures, including rings, 
actin patches, and actin microfilaments. FIM, ARP-3, and CRN-1 
were found to be associated with patches arranged in a cortical 
ring at the hyphal subapical region (1 to 4 μm behind the growing 
tip). Although now it is widely accepted that this subapical collar 
of actin patches delimits the region of endocytosis, at the begin-
ning of the 21st century it was doubted that endocytosis occurred 
in filamentous fungi98. Endocytosis and exocytosis are spatially  
coupled. Endocytosis at the subapical collar is thought to contribute 
to the recycling of apical receptors and cortical markers98 since it 
has been proven necessary to establish polarity and to maintain api-
cal growth96,98–101. TPM-1 was identified at the core of the Spk and 
at actin cables departing from the Spk toward the subapex. Lifeact 
elucidated all forms of actin. Whereas F-actin is thought to mediate 
short-range movements, the long cables observed might serve as 
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tracks along which myosin motors transport secretory vesicles to 
and within the apex94 (Figure 3). Although we focus on the hyphal 
apex in this review, it is noteworthy to point out that prior to the 
formation of the contractile actomyosin ring (CAR) at septation  
sites, a septal actomyosin tangle (SAT) was observed102.

Myosins are another superfamily of molecular motors that move 
along actin microfilaments. In N. crassa, MYO-1 is a compo-
nent of the actin subapical collar and is thought to have a role in  
endocytosis103. MYO-2 is involved mainly in the formation of the 
SAT and CAR during cytokinesis102,104. MYO-5, found occupying 
all the Spk61 (Figure 1B), is thought to be involved in exocytosis 
and hyphal morphogenesis. The MYO-5 homologue in A. nidu-
lans, MyoE, is needed for the accumulation of RabERab11 post-Golgi 
carriers at the tip105.

Finally, septins are cytoskeletal components with GTP and phosph-
oinositide-binding domains106. N. crassa septins CDC-3, CDC-10, 
CDC-11, CDC-12, and ASP-1 accumulate at or close to the PM in 
germinating conidia at sites of symmetry breakage (Figure 1A)107. 
They are suggested to constrain and corral the polarity machinery 
to the apical PM, acting as a molecular boundary between the apex 
and the region behind107.

Future directions
There are several unresolved questions that need to be addressed to 
further develop a holistic view of N. crassa hyphal morphogenesis. 
We need to do the following: (a) identify the real triggers of polar-
ity; (b) generate mathematical models to test whether the spatial 
segregation of the vesicles at the Spk provides any morphogenetic  
advantage; (c) elucidate the interaction, if any, between the MT 
and actin cytoskeletons; (d) investigate the role of the predicted 
hypothetical proteins encoded in the N. crassa genome in polar-
ity establishment and hyphal morphogenesis; (e) discern whether 
endocytosis occurs at sites other than the subapical collar, where 
actin patches have also been found; (f) determine which enzymes 

are secreted by a non-conventional pathway depending on mRNA 
transport; and (g) investigate, within the hyphal apical compart-
ment, which nuclei are responding to external signals sensed at the 
growing tip.

Something to take into consideration is that some of the findings 
obtained from research in N. crassa, while conserved among sev-
eral fungal taxa, should not be extrapolated to all members of the 
fungal kingdom. There are innate differences at the subcellular level 
among fungal species that may reflect their evolutionary distance.

Abbreviations
CAR, contractile actomyosin ring; CAT, conidial anastomosis tube; 
CHS, chitin synthase; CRN-1, coronin; FIM, fimbrin; GEF, guani-
dine exchange factor; GFP, green fluorescent protein; GH, glycosyl 
hydrolase; Glc, glucose; GPI, glycosylphosphatidylinositol; GSC, 
glucan synthase complex; MT, microtubule; NKIN, Neurospora 
crassa conventional kinesin-1; PM, plasma membrane; SAT,  
septal actomyosin tangle; Spk, Spitzenkörper; TPM-1, tropomyosin;  
VSC, vesicle supply center; WB, Woronin body.

Competing interests
The authors declare that they have no competing interests.

Grant information
The author(s) declared that no grants were involved in supporting 
this work.

Acknowledgments
Work in the Riquelme lab has been supported by Mexican 
National Council for Science and Technology (CONACYT) grants 
U-45818Q, B0C022, B0C059, and CONACYT-DFG 75306. We 
thank Raquel Ballesteros for assistance with Figure 3. We are  
grateful to Stephen Pacheco and Phil Boucher for critically reading 
the manuscript and for their useful suggestions.

References F1000 recommended

1. Payen A: Extrait d’un rapport adressé à M. Le Maréchal Duc de Dalmatie, 
Ministre de la Guerre, Président du Conseil, sur une altération extraordinaire 
du pain de munition. Annales De Chimie Et De Physique. 1843; 3(9): 5–21. 
Reference Source

2. Davis RH: Neurospora: Contributions of a Model Organism. New York: Oxford 
University Press; 2000.  
Reference Source

3. Seibert T, Thieme N, Benz JP: The Renaissance of Neurospora crassa: How 
a Classical Model System is Used for Applied Research. In: Schmoll M, 
Dattenböck C, editors. Gene Expression Systems in Fungi: Advancements and 
Applications. Cham: Springer International Publishing; 2016; 59–96.  
Publisher Full Text 

4. Bistis GN, Perkins DD, Read ND: Different cell types in Neurospora crassa. 
Fungal Genet News. 2003; 50: 17–19.  
Reference Source

5. Beadle GW, Tatum EL: Genetic Control of Biochemical Reactions in 
Neurospora. Proc Natl Acad Sci U S A. 1941; 27(11): 499–506.  
PubMed Abstract | Publisher Full Text | Free Full Text 

6.  Seiler S, Plamann M: The genetic basis of cellular morphogenesis in the 
filamentous fungus Neurospora crassa. Mol Biol Cell. 2003; 14(11): 4352–64. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

7.  Galagan JE, Calvo SE, Borkovich KA, et al.: The genome sequence of the 
filamentous fungus Neurospora crassa. Nature. 2003; 422(6934):  
859–68.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

8. Borkovich KA, Alex LA, Yarden O, et al.: Lessons from the genome sequence of 
Neurospora crassa: tracing the path from genomic blueprint to multicellular 
organism. Microbiol Mol Biol Rev. 2004; 68(1): 1–108.  
PubMed Abstract | Publisher Full Text | Free Full Text 

Page 8 of 12

F1000Research 2016, 5(F1000 Faculty Rev):2801 Last updated: 30 NOV 2016

https://books.google.co.in/books?id=-wwzAAAAYAAJ&amp;lpg=PA5&amp;ots=0zlZOCXNWJ&amp;dq=Extrait d�un rapport adress� �M. Le Mar�chal Duc de Dalmatie, Ministre de la Guerre, Pr�sident du Conseil, sur une alt�ration extraordinaire du pain de munition&amp;pg=PA5#v=onepage&amp;q&amp;f=false
https://books.google.co.in/books?id=mLOMPN20MD8C&amp;printsec=frontcover&amp;source=gbs_ge_summary_r&amp;cad=0#v=onepage&amp;q&amp;f=false
http://dx.doi.org/10.1007/978-3-319-27951-0_3
https://www.researchgate.net/profile/Nick_Read/publication/237459386_Different_cell_types_in_Neurospora_crassa/links/0c9605371b2fcc2027000000.pdf?origin=publication_detail
http://www.ncbi.nlm.nih.gov/pubmed/16588492
http://dx.doi.org/10.1073/pnas.27.11.499
http://www.ncbi.nlm.nih.gov/pmc/articles/1078370
http://f1000.com/prime/1015553
http://www.ncbi.nlm.nih.gov/pubmed/12960438
http://dx.doi.org/10.1091/mbc.E02-07-0433
http://www.ncbi.nlm.nih.gov/pmc/articles/266756
http://f1000.com/prime/1015553
http://f1000.com/prime/1012265
http://www.ncbi.nlm.nih.gov/pubmed/12712197
http://dx.doi.org/10.1038/nature01554
http://f1000.com/prime/1012265
http://www.ncbi.nlm.nih.gov/pubmed/15007097
http://dx.doi.org/10.1128/MMBR.68.1.1-108.2004
http://www.ncbi.nlm.nih.gov/pmc/articles/362109


9. Freitag M, Hickey PC, Raju NB, et al.: GFP as a tool to analyze the organization, 
dynamics and function of nuclei and microtubules in Neurospora crassa. 
Fungal Genet Biol. 2004; 41(10): 897–910.  
PubMed Abstract | Publisher Full Text 

10. Honda S, Selker EU: Tools for fungal proteomics: multifunctional neurospora 
vectors for gene replacement, protein expression and protein purification. 
Genetics. 2009; 182(11): 11–23.  
PubMed Abstract | Publisher Full Text | Free Full Text 

11.  Ninomiya Y, Suzuki K, Ishii C, et al.: Highly efficient gene replacements in 
Neurospora strains deficient for nonhomologous end-joining. Proc Natl Acad 
Sci U S A. 2004; 101(33): 12248–53.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

12. Colot HV, Park G, Turner GE, et al.: A high-throughput gene knockout 
procedure for Neurospora reveals functions for multiple transcription factors. 
Proc Natl Acad Sci U S A. 2006; 103(27): 10352–7.  
PubMed Abstract | Publisher Full Text | Free Full Text 

13. Collopy PD, Colot HV, Park G, et al.: High-throughput construction of gene 
deletion cassettes for generation of Neurospora crassa knockout strains. 
Methods Mol Biol. 2010; 638: 33–40.  
PubMed Abstract | Publisher Full Text | Free Full Text 

14. Riquelme M, Yarden O, Bartnicki-Garcia S, et al.: Architecture and development 
of the Neurospora crassa hypha -- a model cell for polarized growth. Fungal 
Biol. 2011; 115(5): 446–74.  
PubMed Abstract | Publisher Full Text 

15.  Gavric O, Griffiths AJ: Interaction of mutations affecting tip growth and 
branching in Neurospora. Fungal Genet Biol. 2003; 40(3): 261–70.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

16. Read ND, Lichius A, Shoji J, et al.: Self-signalling and self-fusion in filamentous 
fungi. Curr Opin Microbiol. 2009; 12(6): 608–15.  
PubMed Abstract | Publisher Full Text 

17. Read ND, Fleißner A, Roca MG, et al.: Hyphal Fusion. In: Borkovich KA, Ebbole 
D, editors. Cellular and Molecular Biology of Filamentous Fungi. Washington D.C., 
ASM Press; 2010; 260–273.  
Reference Source

18.  Ma L, Song B, Curran T, et al.: Defining individual size in the model 
filamentous fungus Neurospora crassa. Proc Biol Sci. 2016; 283(1826): 
20152470.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

19. Riquelme M, Sánchez-León E: The Spitzenkörper: a choreographer of fungal 
growth and morphogenesis. Curr Opin Microbiol. 2014; 20: 27–33.  
PubMed Abstract | Publisher Full Text 

20. Araujo-Palomares CL, Castro-Longoria E, Riquelme M: Ontogeny of the 
Spitzenkörper in germlings of Neurospora crassa. Fungal Genet Biol. 2007; 
44(6): 492–503.  
PubMed Abstract | Publisher Full Text 

21. Riquelme M: Tip growth in filamentous fungi: a road trip to the apex. Annu Rev 
Microbiol. 2013; 67: 587–609.  
PubMed Abstract | Publisher Full Text 

22. Bartnicki-Garcia S, Bartnicki DD, Gierz G, et al.: Evidence that Spitzenkörper 
behavior determines the shape of a fungal hypha: a test of the hyphoid model. 
Exp Mycol. 1995; 19(2): 153–9.  
PubMed Abstract 

23. Reynaga-Peña CG, Gierz G, Bartnicki-Garcia S: Analysis of the role of the 
Spitzenkörper in fungal morphogenesis by computer simulation of apical 
branching in Aspergillus niger. Proc Natl Acad Sci U S A. 1997; 94(17): 9096–101. 
PubMed Abstract | Publisher Full Text | Free Full Text 

24. Riquelme M, Reynaga-Peña CG, Gierz G, et al.: What determines growth 
direction in fungal hyphae? Fungal Genet Biol. 1998; 24(1–2): 101–9.  
PubMed Abstract | Publisher Full Text 

25. Held M, Edwards C, Nicolau DV: Probing the growth dynamics of Neurospora 
crassa with microfluidic structures. Fungal Biol. 2011; 115(6): 493–505.  
PubMed Abstract | Publisher Full Text 

26.  Lee KK, Labiscsak L, Ahn CH, et al.: Spiral-based microfluidic device for 
long-term time course imaging of Neurospora crassa with single nucleus 
resolution. Fungal Genet Biol. 2016; 94: 11–4.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

27.  Lichius A, Goryachev AB, Fricker MD, et al.: CDC-42 and RAC-1 regulate 
opposite chemotropisms in Neurospora crassa. J Cell Sci. 2014; 127(Pt 9): 
1953–65.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

28. Araujo-Palomares CL, Richthammer C, Seiler S, et al.: Functional characterization 
and cellular dynamics of the CDC-42 - RAC - CDC-24 module in Neurospora 
crassa. PLoS One. 2011; 6(11): e27148.  
PubMed Abstract | Publisher Full Text | Free Full Text 

29. Lichius A, Yáñez-Gutiérrez ME, Read ND, et al.: Comparative live-cell imaging 
analyses of SPA-2, BUD-6 and BNI-1 in Neurospora crassa reveal novel 
features of the filamentous fungal polarisome. PLoS One. 2012; 7(1): e30372. 
PubMed Abstract | Publisher Full Text | Free Full Text 

30. Araujo-Palomares CL, Riquelme M, Castro-Longoria E: The polarisome 
component SPA-2 localizes at the apex of Neurospora crassa and partially 
colocalizes with the Spitzenkörper. Fungal Genet Biol. 2009; 46(8): 551–63. 
PubMed Abstract | Publisher Full Text 

31.  Stephenson KS, Gow NA, Davidson FA, et al.: Regulation of vectorial supply 
of vesicles to the hyphal tip determines thigmotropism in Neurospora crassa. 
Fungal Biol. 2014; 118(3): 287–94.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

32. Ramos-García SL, Roberson RW, Freitag M, et al.: Cytoplasmic bulk flow propels 
nuclei in mature hyphae of Neurospora crassa. Eukaryot Cell. 2009; 8(12): 1880–90. 
PubMed Abstract | Publisher Full Text | Free Full Text 

33.  Etxebeste O, Espeso EA: Neurons show the path: tip-to-nucleus communication 
in filamentous fungal development and pathogenesis. FEMS Microbiol Rev. 
2016; 40(5): 610–24.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

34.  Bielska E, Higuchi Y, Schuster M, et al.: Long-distance endosome trafficking 
drives fungal effector production during plant infection. Nat Commun. 2014; 5: 
5097.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

35.  Mélida H, Sain D, Stajich JE, et al.: Deciphering the uniqueness of 
Mucoromycotina cell walls by combining biochemical and phylogenomic 
approaches. Environ Microbiol. 2015; 17(5): 1649–62.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

36. Free SJ: Fungal cell wall organization and biosynthesis. Adv Genet. 2013; 81: 
33–82.  
PubMed Abstract | Publisher Full Text 

37. Maddi A, Free SJ: α-1,6-Mannosylation of N-linked oligosaccharide present 
on cell wall proteins is required for their incorporation into the cell wall in the 
filamentous fungus Neurospora crassa. Eukaryot Cell. 2010; 9(11): 1766–75. 
PubMed Abstract | Publisher Full Text | Free Full Text 

38. Hunsley D, Burnett JH: The Ultrastructural Architecture of the Walls of Some 
Hyphal Fungi. J Gen Microbiol. 1970; 62(2): 203–18.  
Publisher Full Text 

39. Mahadevan PR, Tatum EL: Localization of structural polymers in the cell wall of 
Neurospora crassa. J Cell Biol. 1967; 35(2): 295–302.  
PubMed Abstract | Publisher Full Text | Free Full Text 

40. Bartnicki-Garcia S, Lippman E: Fungal morphogenesis: cell wall construction in 
Mucor rouxii. Science. 1969; 165(3890): 302–4.  
PubMed Abstract | Publisher Full Text 

41. Riquelme M, Bartnicki-García S: Advances in understanding hyphal morphogenesis: 
Ontogeny, phylogeny and cellular localization of chitin synthases. Fungal Biol 
Rev. 2008; 22(2): 56–70.  
Publisher Full Text 

42. Enderlin CS, Selitrennikoff CP: Cloning and characterization of a Neurospora 
crassa gene required for (1,3) beta-glucan synthase activity and cell wall 
formation. Proc Natl Acad Sci U S A. 1994; 91(20): 9500–4.  
PubMed Abstract | Publisher Full Text | Free Full Text 

43. Beauvais A, Bruneau JM, Mol PC, et al.: Glucan synthase complex of Aspergillus 
fumigatus. J Bacteriol. 2001; 183(7): 2273–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

44. Maddi A, Fu C, Free SJ: The Neurospora crassa dfg5 and dcw1 genes encode 
α-1,6-mannanases that function in the incorporation of glycoproteins into the 
cell wall. PLoS One. 2012; 7(6): e38872.  
PubMed Abstract | Publisher Full Text | Free Full Text 

45. Fontaine T, Beauvais A, Loussert C, et al.: Cell wall alpha1-3glucans induce the 
aggregation of germinating conidia of Aspergillus fumigatus. Fungal Genet Biol. 
2010; 47(8): 707–12.  
PubMed Abstract | Publisher Full Text 

46. Yoshimi A, Miyazawa K, Abe K: Cell wall structure and biogenesis in Aspergillus 
species. Biosci Biotechnol Biochem. 2016; 80(9): 1700–11.  
PubMed Abstract | Publisher Full Text 

47. Fu C, Tanaka A, Free SJ: Neurospora crassa 1,3-α-glucan synthase, AGS-1, 
is required for cell wall biosynthesis during macroconidia development. 
Microbiology. 2014; 160(Pt 8): 1618–27.  
PubMed Abstract | Publisher Full Text | Free Full Text 

48. Ao J, Aldabbous M, Notaro MJ, et al.: A proteomic and genetic analysis of 
the Neurospora crassa conidia cell wall proteins identifies two glycosyl 
hydrolases involved in cell wall remodeling. Fungal Genet Biol. 2016; 94: 47–53. 
PubMed Abstract | Publisher Full Text | Free Full Text 

49. Bowman SM, Piwowar A, Al Dabbous M, et al.: Mutational analysis of the 
glycosylphosphatidylinositol (GPI) anchor pathway demonstrates that GPI-
anchored proteins are required for cell wall biogenesis and normal hyphal 
growth in Neurospora crassa. Eukaryot Cell. 2006; 5(3): 587–600.  
PubMed Abstract | Publisher Full Text | Free Full Text 

50. Bartnicki-García S: Fundamental aspects of hyphal morphogenesis. In: Ashworth 
JM, Smith E, editors. Microbial differentiation. Cambridge: Cambridge University 
Press; 1973; 245–267. 

51. Wessels JG: A steady-state model for apical wall growth in fungi. Acta Bot 
Neerl. 1988; 37(1): 3–16.  
Publisher Full Text 

52. Tzelepis GD, Melin P, Jensen DF, et al.: Functional analysis of glycoside 
hydrolase family 18 and 20 genes in Neurospora crassa. Fungal Genet Biol. 
2012; 49(9): 717–30.  
PubMed Abstract | Publisher Full Text 

53. Martinez-Nunez L, Riquelme M: Role of BGT-1 and BGT-2, two predicted  

Page 9 of 12

F1000Research 2016, 5(F1000 Faculty Rev):2801 Last updated: 30 NOV 2016

http://www.ncbi.nlm.nih.gov/pubmed/15341912
http://dx.doi.org/10.1016/j.fgb.2004.06.008
http://www.ncbi.nlm.nih.gov/pubmed/19171944
http://dx.doi.org/10.1534/genetics.108.098707
http://www.ncbi.nlm.nih.gov/pmc/articles/2674810
http://f1000.com/prime/1020654
http://www.ncbi.nlm.nih.gov/pubmed/15299145
http://dx.doi.org/10.1073/pnas.0402780101
http://www.ncbi.nlm.nih.gov/pmc/articles/514464
http://f1000.com/prime/1020654
http://www.ncbi.nlm.nih.gov/pubmed/16801547
http://dx.doi.org/10.1073/pnas.0601456103
http://www.ncbi.nlm.nih.gov/pmc/articles/1482798
http://www.ncbi.nlm.nih.gov/pubmed/20238259
http://dx.doi.org/10.1007/978-1-60761-611-5_3
http://www.ncbi.nlm.nih.gov/pmc/articles/3684412
http://www.ncbi.nlm.nih.gov/pubmed/21640311
http://dx.doi.org/10.1016/j.funbio.2011.02.008
http://f1000.com/prime/1012337
http://www.ncbi.nlm.nih.gov/pubmed/14599894
http://dx.doi.org/10.1016/j.fgb.2003.08.002
http://f1000.com/prime/1012337
http://www.ncbi.nlm.nih.gov/pubmed/19864177
http://dx.doi.org/10.1016/j.mib.2009.09.008
https://app.knovel.com/web/toc.v/cid:kpCMBFF00V/viewerType:toc/root_slug:cellular-molecular-biology/b-off-set:25/b-cat-name:Biochemistry, Biology & Biotechnology/b-cat-slug:biochemistry-biology-biotechnology/b-cat-id:210/b-off-set:25/b-order-by:name/b-sort-by:ascending/b-filter-by:all-content
http://f1000.com/prime/726210912
http://www.ncbi.nlm.nih.gov/pubmed/26962146
http://dx.doi.org/10.1098/rspb.2015.2470
http://www.ncbi.nlm.nih.gov/pmc/articles/4810846
http://f1000.com/prime/726210912
http://www.ncbi.nlm.nih.gov/pubmed/24858006
http://dx.doi.org/10.1016/j.mib.2014.04.003
http://www.ncbi.nlm.nih.gov/pubmed/17127085
http://dx.doi.org/10.1016/j.fgb.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23808332
http://dx.doi.org/10.1146/annurev-micro-092412-155652
http://www.ncbi.nlm.nih.gov/pubmed/7614375
http://www.ncbi.nlm.nih.gov/pubmed/9256441
http://dx.doi.org/10.1073/pnas.94.17.9096
http://www.ncbi.nlm.nih.gov/pmc/articles/23049
http://www.ncbi.nlm.nih.gov/pubmed/9742196
http://www.ncbi.nlm.nih.gov/pubmed/21640314
http://dx.doi.org/10.1016/j.funbio.2011.02.003
http://f1000.com/prime/726466209
http://www.ncbi.nlm.nih.gov/pubmed/27345439
http://dx.doi.org/10.1016/j.fgb.2016.06.004
http://f1000.com/prime/726466209
http://f1000.com/prime/718370883
http://www.ncbi.nlm.nih.gov/pubmed/24790223
http://dx.doi.org/10.1242/jcs.141630
http://f1000.com/prime/718370883
http://www.ncbi.nlm.nih.gov/pubmed/22087253
http://dx.doi.org/10.1371/journal.pone.0027148
http://www.ncbi.nlm.nih.gov/pmc/articles/3210136
http://www.ncbi.nlm.nih.gov/pubmed/22291944
http://dx.doi.org/10.1371/journal.pone.0030372
http://www.ncbi.nlm.nih.gov/pmc/articles/3265482
http://www.ncbi.nlm.nih.gov/pubmed/19281855
http://dx.doi.org/10.1016/j.fgb.2009.02.009
http://f1000.com/prime/718439851
http://www.ncbi.nlm.nih.gov/pubmed/24607352
http://dx.doi.org/10.1016/j.funbio.2013.12.007
http://f1000.com/prime/718439851
http://www.ncbi.nlm.nih.gov/pubmed/19684281
http://dx.doi.org/10.1128/EC.00062-09
http://www.ncbi.nlm.nih.gov/pmc/articles/2794216
http://f1000.com/prime/726998535
http://www.ncbi.nlm.nih.gov/pubmed/27587717
http://dx.doi.org/10.1093/femsre/fuw021
http://f1000.com/prime/726998535
http://f1000.com/prime/719710304
http://www.ncbi.nlm.nih.gov/pubmed/25283249
http://dx.doi.org/10.1038/ncomms6097
http://www.ncbi.nlm.nih.gov/pmc/articles/4205857
http://f1000.com/prime/719710304
http://f1000.com/prime/718540339
http://www.ncbi.nlm.nih.gov/pubmed/25143134
http://dx.doi.org/10.1111/1462-2920.12601
http://f1000.com/prime/718540339
http://www.ncbi.nlm.nih.gov/pubmed/23419716
http://dx.doi.org/10.1016/B978-0-12-407677-8.00002-6
http://www.ncbi.nlm.nih.gov/pubmed/20870880
http://dx.doi.org/10.1128/EC.00134-10
http://www.ncbi.nlm.nih.gov/pmc/articles/2976294
http://dx.doi.org/10.1099/00221287-62-2-203
http://www.ncbi.nlm.nih.gov/pubmed/6055990
http://dx.doi.org/10.1083/jcb.35.2.295
http://www.ncbi.nlm.nih.gov/pmc/articles/2107141
http://www.ncbi.nlm.nih.gov/pubmed/5787989
http://dx.doi.org/10.1126/science.165.3890.302
http://dx.doi.org/10.1016/j.fbr.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/7937796
http://dx.doi.org/10.1073/pnas.91.20.9500
http://www.ncbi.nlm.nih.gov/pmc/articles/44840
http://www.ncbi.nlm.nih.gov/pubmed/11244067
http://dx.doi.org/10.1128/JB.183.7.2273-2279.2001
http://www.ncbi.nlm.nih.gov/pmc/articles/95134
http://www.ncbi.nlm.nih.gov/pubmed/22701726
http://dx.doi.org/10.1371/journal.pone.0038872
http://www.ncbi.nlm.nih.gov/pmc/articles/3372484
http://www.ncbi.nlm.nih.gov/pubmed/20447463
http://dx.doi.org/10.1016/j.fgb.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27140698
http://dx.doi.org/10.1080/09168451.2016.1177446
http://www.ncbi.nlm.nih.gov/pubmed/24847001
http://dx.doi.org/10.1099/mic.0.080002-0
http://www.ncbi.nlm.nih.gov/pmc/articles/4972661
http://www.ncbi.nlm.nih.gov/pubmed/27381444
http://dx.doi.org/10.1016/j.fgb.2016.07.003
http://www.ncbi.nlm.nih.gov/pmc/articles/10.1016/j.fgb.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16524913
http://dx.doi.org/10.1128/EC.5.3.587-600.2006
http://www.ncbi.nlm.nih.gov/pmc/articles/1398062
http://dx.doi.org/10.1111/j.1438-8677.1988.tb01576.x
http://www.ncbi.nlm.nih.gov/pubmed/22796096
http://dx.doi.org/ 10.1016/j.fgb.2012.06.013


GPI-anchored glycoside hydrolases/glycosyltransferases, in cell wall 
remodeling in Neurospora crassa. Fungal Genet Biol. 2015; 85: 58–70.  
PubMed Abstract | Publisher Full Text 

54. Bartnicki-Garcia S: Glucans, walls, and morphogenesis: On the contributions 
of J. G. H. Wessels to the golden decades of fungal physiology and beyond. 
Fungal Genet Biol. 1999; 27(2–3): 119–27.  
PubMed Abstract | Publisher Full Text 

55. Brunswik H: Untersuchungen über die Geschlechts- und Kernverhältnisse bei 
der Hymenomyzetengattung Coprinus. Jena: Gustav Fisher Verlag; 1924; 152. 
Reference Source

56. Girbardt M: Der Spitzenkörper von Polystictus versicolor (L.). Planta. 1957; 
50(1): 47–59.  
Publisher Full Text 

57. Bartnicki-García S: Hyphal tip growth: outstanding questions. In: Osiewacz HD, 
editor. Molecular Biology of Fungal Development. Marcel Dekker: New York; 2002; 
29–58.  
Reference Source

58. Fajardo-Somera RA, Johnk B, Bayram O, et al.: Dissecting the function of the 
different chitin synthases in vegetative growth and sexual development in 
Neurospora crassa. Fungal Genet Biol. 2015; 75: 30–45.  
PubMed Abstract | Publisher Full Text 

59. Riquelme M, Bartnicki-Garcia S, Gonzalez-Prieto JM, et al.: Spitzenkörper 
localization and intracellular traffic of green fluorescent protein-labeled CHS-3 
and CHS-6 chitin synthases in living hyphae of Neurospora crassa.  
Eukaryot Cell. 2007; 6(10): 1853–64.  
PubMed Abstract | Publisher Full Text | Free Full Text 

60. Sanchez-Leon E, Verdin J, Freitag M, et al.: Traffic of chitin synthase 1 (CHS-1) 
to the Spitzenkörper and developing septa in hyphae of Neurospora crassa: 
actin dependence and evidence of distinct microvesicle populations.  
Eukaryot Cell. 2011; 10(5): 683–95.  
PubMed Abstract | Publisher Full Text | Free Full Text 

61. Sánchez-León E, Riquelme M: Live imaging of β-1,3-glucan synthase FKS-1 in 
Neurospora crassa hyphae. Fungal Genet Biol. 2015; 82: 104–7.  
PubMed Abstract | Publisher Full Text 

62.  Verdín J, Bartnicki-Garcia S, Riquelme M: Functional stratification of the 
Spitzenkörper of Neurospora crassa. Mol Microbiol. 2009; 74(5): 1044–53. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

63. Richthammer C, Enseleit M, Sanchez-Leon E, et al.: RHO1 and RHO2 share 
partially overlapping functions in the regulation of cell wall integrity and 
hyphal polarity in Neurospora crassa. Mol Microbiol. 2012; 85(4): 716–33. 
PubMed Abstract | Publisher Full Text 

64. Riquelme M, Roberson RW, McDaniel DP, et al.: The effects of ropy-1 mutation 
on cytoplasmic organization and intracellular motility in mature hyphae of 
Neurospora crassa. Fungal Genet Biol. 2002; 37(2): 171–9.  
PubMed Abstract | Publisher Full Text 

65. Harris SD, Read ND, Roberson RW, et al.: Polarisome meets spitzenkörper: 
microscopy, genetics, and genomics converge. Eukaryot Cell. 2005; 4(2): 225–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

66. Sánchez-León E, Bowman B, Seidel C, et al.: The Rab GTPase YPT-1 associates 
with Golgi cisternae and Spitzenkörper microvesicles in Neurospora crassa. 
Mol Microbiol. 2015; 95(3): 472–90.  
PubMed Abstract | Publisher Full Text 

67. Pantazopoulou A, Peñalva MA: Characterization of Aspergillus nidulans  
RabC/Rab6. Traffic. 2011; 12(4): 386–406.  
PubMed Abstract | Publisher Full Text 

68.  Pinar M, Pantazopoulou A, Arst HN Jr, et al.: Acute inactivation of the 
Aspergillus nidulans Golgi membrane fusion machinery: correlation of apical 
extension arrest and tip swelling with cisternal disorganization. Mol Microbiol. 
2013; 89(2): 228–48.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

69.  Schultzhaus Z, Yan H, Shaw BD: Aspergillus nidulans flippase DnfA is 
cargo of the endocytic collar and plays complementary roles in growth and 
phosphatidylserine asymmetry with another flippase, DnfB. Mol Microbiol. 
2015; 97(1): 18–32.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

70.  Schuster M, Martin-Urdiroz M, Higuchi Y, et al.: Co-delivery of cell-wall-
forming enzymes in the same vesicle for coordinated fungal cell wall 
formation. Nat Microbiol. 2016; 1(11): 16149.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

71. Riquelme M, Bredeweg EL, Callejas-Negrete O, et al.: The Neurospora crassa 
exocyst complex tethers Spitzenkörper vesicles to the apical plasma 
membrane during polarized growth. Mol Biol Cell. 2014; 25(8): 1312–26. 
PubMed Abstract | Publisher Full Text | Free Full Text 

72.  Giraldo MC, Dagdas YF, Gupta YK, et al.: Two distinct secretion systems 
facilitate tissue invasion by the rice blast fungus Magnaporthe oryzae.  
Nat Commun. 2013; 4: 1996.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

73. Mouriño-Pérez RR, Roberson RW, Bartnicki-García S: Microtubule dynamics 
and organization during hyphal growth and branching in Neurospora crassa. 
Fungal Genet Biol. 2006; 43(6): 389–400.  
PubMed Abstract | Publisher Full Text 

74. Uchida M, Mouriño-Pérez RR, Freitag M, et al.: Microtubule dynamics and the role of 
molecular motors in Neurospora crassa. Fungal Genet Biol. 2008; 45(5): 683–92. 
PubMed Abstract | Publisher Full Text 

75. Vallee RB, Tsai JW: The cellular roles of the lissencephaly gene LIS1, and 
what they tell us about brain development. Genes Dev. 2006; 20(11): 1384–93. 
PubMed Abstract | Publisher Full Text 

76. Callejas-Negrete OA, Plamann M, Schnittker R, et al.: Two microtubule-plus-end 
binding proteins LIS1-1 and LIS1-2, homologues of human LIS1 in Neurospora 
crassa. Fungal Genet Biol. 2015; 82: 213–27.  
PubMed Abstract | Publisher Full Text 

77. Mouriño-Pérez RR, Linacre-Rojas LP, Román-Gavilanes AI, et al.: MTB-3, a 
microtubule plus-end tracking protein (+TIP) of Neurospora crassa. PLoS One. 
2013; 8(8): e70655.  
PubMed Abstract | Publisher Full Text | Free Full Text 

78. Mouriño-Pérez RR, Riquelme M, Callejas-Negrete OA, et al.: Microtubules and 
associated molecular motors in Neurospora crassa. Mycologia. 2016; 108(3): 
515–27.  
PubMed Abstract | Publisher Full Text 

79. Xiang X, Plamann M: Cytoskeleton and motor proteins in filamentous fungi. 
Curr Opin Microbiol. 2003; 6(6): 628–33.  
PubMed Abstract | Publisher Full Text 

80. Steinberg G, Schliwa M: Organelle movements in the wild type and wall-less 
fz;sg;os-1 mutants of Neurospora crassa are mediated by cytoplasmic 
microtubules. J Cell Sci. 1993; 106(Pt 2): 555–64.  
PubMed Abstract 

81. Seidel C, Moreno-Velásquez SD, Riquelme M, et al.: Neurospora crassa NKIN2, 
a kinesin-3 motor, transports early endosomes and is required for polarized 
growth. Eukaryot Cell. 2013; 12(7): 1020–32.  
PubMed Abstract | Publisher Full Text | Free Full Text 

82. Schuster M, Kilaru S, Fink G, et al.: Kinesin-3 and dynein cooperate in long-
range retrograde endosome motility along a nonuniform microtubule array. 
Mol Biol Cell. 2011; 22(19): 3645–57.  
PubMed Abstract | Publisher Full Text | Free Full Text 

83. Zekert N, Fischer R: The Aspergillus nidulans kinesin-3 UncA motor moves 
vesicles along a subpopulation of microtubules. Mol Biol Cell. 2009; 20(2): 673–84.  
PubMed Abstract | Publisher Full Text | Free Full Text 

84.  Schuster M, Lipowsky R, Assmann MA, et al.: Transient binding of dynein 
controls bidirectional long-range motility of early endosomes. Proc Natl Acad 
Sci U S A. 2011; 108(9): 3618–23.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

85. Baumann S, Pohlmann T, Jungbluth M, et al.: Kinesin-3 and dynein mediate 
microtubule-dependent co-transport of mRNPs and endosomes. J Cell Sci. 
2012; 125(Pt 11): 2740–52.  
PubMed Abstract | Publisher Full Text 

86.  Zhang J, Qiu R, Arst HN Jr, et al.: HookA is a novel dynein-early endosome 
linker critical for cargo movement in vivo. J Cell Biol. 2014; 204(6): 1009–26. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

87.  Guimaraes SC, Schuster M, Bielska E, et al.: Peroxisomes, lipid droplets, 
and endoplasmic reticulum “hitchhike” on motile early endosomes. J Cell Biol. 
2015; 211(5): 945–54.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

88.  Salogiannis J, Egan MJ, Reck-Peterson SL: Peroxisomes move by hitchhiking 
on early endosomes using the novel linker protein PxdA. J Cell Biol. 2016; 
212(3): 289–96.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

89. Jedd G, Chua NH: A new self-assembled peroxisomal vesicle required for 
efficient resealing of the plasma membrane. Nat Cell Biol. 2000; 2(4): 226–31. 
PubMed Abstract | Publisher Full Text 

90. Ng SK, Liu F, Lai J, et al.: A tether for Woronin body inheritance is associated 
with evolutionary variation in organelle positioning. PLoS Genet. 2009; 5(6): 
e1000521.  
PubMed Abstract | Publisher Full Text | Free Full Text 

91. Gelfand VI, Le Bot N, Tuma MC, et al.: A dominant negative approach for 
functional studies of the kinesin II complex. Methods Mol Biol. 2001; 164: 
191–204.  
PubMed Abstract | Publisher Full Text 

92. Oakley BR, Oakley CE, Yoon Y, et al.: Gamma-tubulin is a component of the 
spindle pole body that is essential for microtubule function in Aspergillus 
nidulans. Cell. 1990; 61(7): 1289–301.  
PubMed Abstract | Publisher Full Text 

93.  Horio T, Oakley BR: The role of microtubules in rapid hyphal tip growth of 
Aspergillus nidulans. Mol Biol Cell. 2005; 16(2): 918–26.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

94.  Delgado-Alvarez DL, Callejas-Negrete OA, Gómez N, et al.: Visualization of 
F-actin localization and dynamics with live cell markers in Neurospora crassa. 
Fungal Genet Biol. 2010; 47(7): 573–86.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

95. Berepiki A, Lichius A, Shoji JY, et al.: F-actin dynamics in Neurospora crassa. 
Eukaryot Cell. 2010; 9(4): 547–57.  
PubMed Abstract | Publisher Full Text | Free Full Text 

Page 10 of 12

F1000Research 2016, 5(F1000 Faculty Rev):2801 Last updated: 30 NOV 2016

http://www.ncbi.nlm.nih.gov/pubmed/26541633
http://dx.doi.org/10.1016/j.fgb.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/10441437
http://dx.doi.org/10.1006/fgbi.1999.1144
https://searchworks.stanford.edu/view/80979
http://dx.doi.org/10.1007/BF01912343
http://blogs.uoregon.edu/bi432/files/2014/10/bartnicki_garcia_hyphal_growth-2bqmjfb.pdf
http://www.ncbi.nlm.nih.gov/pubmed/25596036
http://dx.doi.org/10.1016/j.fgb.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/17644657
http://dx.doi.org/10.1128/EC.00088-07
http://www.ncbi.nlm.nih.gov/pmc/articles/2043383
http://www.ncbi.nlm.nih.gov/pubmed/21296914
http://dx.doi.org/10.1128/EC.00280-10
http://www.ncbi.nlm.nih.gov/pmc/articles/3127655
http://www.ncbi.nlm.nih.gov/pubmed/26150287
http://dx.doi.org/10.1016/j.fgb.2015.07.001
http://f1000.com/prime/1448958
http://www.ncbi.nlm.nih.gov/pubmed/19843220
http://dx.doi.org/10.1111/j.1365-2958.2009.06917.x
http://f1000.com/prime/1448958
http://www.ncbi.nlm.nih.gov/pubmed/22703449
http://dx.doi.org/10.1111/j.1365-2958.2012.08133.x
http://www.ncbi.nlm.nih.gov/pubmed/12409101
http://dx.doi.org/10.1016/S1087-1845(02)00506-6
http://www.ncbi.nlm.nih.gov/pubmed/15701784
http://dx.doi.org/10.1128/EC.4.2.225-229.2005
http://www.ncbi.nlm.nih.gov/pmc/articles/549335
http://www.ncbi.nlm.nih.gov/pubmed/25425138
http://dx.doi.org/10.1111/mmi.12878
http://www.ncbi.nlm.nih.gov/pubmed/21226815
http://dx.doi.org/10.1111/j.1600-0854.2011.01164.x
http://f1000.com/prime/718014052
http://www.ncbi.nlm.nih.gov/pubmed/23714354
http://dx.doi.org/10.1111/mmi.12280
http://f1000.com/prime/718014052
http://f1000.com/prime/725425463
http://www.ncbi.nlm.nih.gov/pubmed/25846564
http://dx.doi.org/10.1111/mmi.13019
http://f1000.com/prime/725425463
http://f1000.com/prime/726695262
http://www.ncbi.nlm.nih.gov/pubmed/27563844
http://dx.doi.org/10.1038/nmicrobiol.2016.149
http://f1000.com/prime/726695262
http://www.ncbi.nlm.nih.gov/pubmed/24523289
http://dx.doi.org/10.1091/mbc.E13-06-0299
http://www.ncbi.nlm.nih.gov/pmc/articles/3982996
http://f1000.com/prime/723054453
http://www.ncbi.nlm.nih.gov/pubmed/23774898
http://dx.doi.org/10.1038/ncomms2996
http://www.ncbi.nlm.nih.gov/pmc/articles/3709508
http://f1000.com/prime/723054453
http://www.ncbi.nlm.nih.gov/pubmed/16621627
http://dx.doi.org/10.1016/j.fgb.2005.10.007
http://www.ncbi.nlm.nih.gov/pubmed/ 18069024
http://dx.doi.org/10.1016/j.fgb.2007.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16751177
http://dx.doi.org/10.1101/gad.1417206
http://www.ncbi.nlm.nih.gov/pubmed/26231681
http://dx.doi.org/10.1016/j.fgb.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/23950979
http://dx.doi.org/10.1371/journal.pone.0070655
http://www.ncbi.nlm.nih.gov/pmc/articles/3741187
http://www.ncbi.nlm.nih.gov/pubmed/26951369
http://dx.doi.org/10.3852/15-323
http://www.ncbi.nlm.nih.gov/pubmed/14662360
http://dx.doi.org/10.1016/j.mib.2003.10.009
http://www.ncbi.nlm.nih.gov/pubmed/8282762
http://www.ncbi.nlm.nih.gov/pubmed/23687116
http://dx.doi.org/10.1128/EC.00081-13
http://www.ncbi.nlm.nih.gov/pmc/articles/3697463
http://www.ncbi.nlm.nih.gov/pubmed/21832152
http://dx.doi.org/10.1091/mbc.E11-03-0217
http://www.ncbi.nlm.nih.gov/pmc/articles/3183019
http://www.ncbi.nlm.nih.gov/pubmed/19037104
http://dx.doi.org/10.1091/mbc.E08-07-0685
http://www.ncbi.nlm.nih.gov/pmc/articles/2626562
http://f1000.com/prime/8685958
http://www.ncbi.nlm.nih.gov/pubmed/21317367
http://dx.doi.org/10.1073/pnas.1015839108
http://www.ncbi.nlm.nih.gov/pmc/articles/3048114
http://f1000.com/prime/8685958
http://www.ncbi.nlm.nih.gov/pubmed/22357951
http://dx.doi.org/10.1242/jcs.101212
http://f1000.com/prime/718312315
http://www.ncbi.nlm.nih.gov/pubmed/24637327
http://dx.doi.org/10.1083/jcb.201308009
http://www.ncbi.nlm.nih.gov/pmc/articles/3998793
http://f1000.com/prime/718312315
http://f1000.com/prime/725975729
http://www.ncbi.nlm.nih.gov/pubmed/26620910
http://dx.doi.org/10.1083/jcb.201505086
http://www.ncbi.nlm.nih.gov/pmc/articles/4674278
http://f1000.com/prime/725975729
http://f1000.com/prime/726102498
http://www.ncbi.nlm.nih.gov/pubmed/26811422
http://dx.doi.org/10.1083/jcb.201512020
http://www.ncbi.nlm.nih.gov/pmc/articles/4748578
http://f1000.com/prime/726102498
http://www.ncbi.nlm.nih.gov/pubmed/10783241
http://dx.doi.org/10.1038/35008652
http://www.ncbi.nlm.nih.gov/pubmed/19543374
http://dx.doi.org/10.1371/journal.pgen.1000521
http://www.ncbi.nlm.nih.gov/pmc/articles/2690989
http://www.ncbi.nlm.nih.gov/pubmed/11217607
http://dx.doi.org/10.1385/1-59259-069-1:191
http://www.ncbi.nlm.nih.gov/pubmed/2194669
http://dx.doi.org/10.1016/0092-8674(90)90693-9
http://f1000.com/prime/1024051
http://www.ncbi.nlm.nih.gov/pubmed/15548594
http://dx.doi.org/10.1091/mbc.E04-09-0798
http://www.ncbi.nlm.nih.gov/pmc/articles/545922
http://f1000.com/prime/1024051
http://f1000.com/prime/725985672
http://www.ncbi.nlm.nih.gov/pubmed/20302965
http://dx.doi.org/10.1016/j.fgb.2010.03.004
http://f1000.com/prime/725985672
http://www.ncbi.nlm.nih.gov/pubmed/20139238
http://dx.doi.org/10.1128/EC.00253-09
http://www.ncbi.nlm.nih.gov/pmc/articles/2863416


96. Echauri-Espinosa RO, Callejas-Negrete OA, Roberson RW, et al.: Coronin is 
a component of the endocytic collar of hyphae of Neurospora crassa and 
is necessary for normal growth and morphogenesis. PLoS One. 2012; 7(5): 
e38237.  
PubMed Abstract | Publisher Full Text | Free Full Text 

97. Upadhyay S, Shaw BD: The role of actin, fimbrin and endocytosis in growth of 
hyphae in Aspergillus nidulans. Mol Microbiol. 2008; 68(3): 690–705.  
PubMed Abstract | Publisher Full Text 

98. Torralba S, Heath IB: Analysis of three separate probes suggests the absence 
of endocytosis in Neurospora crassa hyphae. Fungal Genet Biol. 2002; 37(3): 
221–32.  
PubMed Abstract | Publisher Full Text 

99. Taheri-Talesh N, Horio T, Araujo-Bazán L, et al.: The tip growth apparatus of 
Aspergillus nidulans. Mol Biol Cell. 2008; 19(4): 1439–49.  
PubMed Abstract | Publisher Full Text | Free Full Text 

100. Schultzhaus ZS, Shaw BD: Endocytosis and exocytosis in hyphal growth. 
Fungal Biol Rev. 2015; 29(2): 43–53.  
Publisher Full Text 

101. Steinberg G: Hyphal growth: a tale of motors, lipids, and the Spitzenkörper. 
Eukaryot Cell. 2007; 6(3): 351–60.  
PubMed Abstract | Publisher Full Text | Free Full Text 

102. Delgado-Álvarez DL, Bartnicki-García S, Seiler S, et al.: Septum development 

in Neurospora crassa: the septal actomyosin tangle. PLoS One. 2014; 9(5): 
e96744.  
PubMed Abstract | Publisher Full Text | Free Full Text 

103. Lara-Rojas F, Bartnicki-García S, Mouriño-Pérez RR: Localization and role of 
MYO-1, an endocytic protein in hyphae of Neurospora crassa. Fungal Genet 
Biol. 2016; 88: 24–34.  
PubMed Abstract | Publisher Full Text 

104.  Calvert ME, Wright GD, Leong FY, et al.: Myosin concentration underlies cell 
size-dependent scalability of actomyosin ring constriction. J Cell Biol.  
2011; 195(5): 799–813.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

105. Pantazopoulou A, Pinar M, Xiang X, et al.: Maturation of late Golgi cisternae into 
RabERAB11 exocytic post-Golgi carriers visualized in vivo. Mol Biol Cell.  
2014; 25(16): 2428–43.  
PubMed Abstract | Publisher Full Text | Free Full Text 

106. Spiliotis ET, Gladfelter AS: Spatial guidance of cell asymmetry: septin GTPases 
show the way. Traffic. 2012; 13(2): 195–203.  
PubMed Abstract | Publisher Full Text | Free Full Text 

107.  Berepiki A, Read ND: Septins are important for cell polarity, septation and 
asexual spore formation in Neurospora crassa and show different patterns of 
localisation at germ tube tips. PLoS One. 2013; 8(5): e63843.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

Page 11 of 12

F1000Research 2016, 5(F1000 Faculty Rev):2801 Last updated: 30 NOV 2016

http://www.ncbi.nlm.nih.gov/pubmed/22693603
http://dx.doi.org/10.1371/journal.pone.0038237
http://www.ncbi.nlm.nih.gov/pmc/articles/3365027
http://www.ncbi.nlm.nih.gov/pubmed/18331474
http://dx.doi.org/10.1111/j.1365-2958.2008.06178.x
http://www.ncbi.nlm.nih.gov/pubmed/12431457
http://dx.doi.org/10.1016/S1087-1845(02)00513-3
http://www.ncbi.nlm.nih.gov/pubmed/18216285
http://dx.doi.org/10.1091/mbc.E07-05-0464
http://www.ncbi.nlm.nih.gov/pmc/articles/2291424
http://dx.doi.org/10.1016/j.fbr.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/17259546
http://dx.doi.org/10.1128/EC.00381-06
http://www.ncbi.nlm.nih.gov/pmc/articles/1828937
http://www.ncbi.nlm.nih.gov/pubmed/24800890
http://dx.doi.org/10.1371/journal.pone.0096744
http://www.ncbi.nlm.nih.gov/pmc/articles/4011870
http://www.ncbi.nlm.nih.gov/pubmed/26805950
http://dx.doi.org/10.1016/j.fgb.2016.01.009
http://f1000.com/prime/13476959
http://www.ncbi.nlm.nih.gov/pubmed/22123864
http://dx.doi.org/10.1083/jcb.201101055
http://www.ncbi.nlm.nih.gov/pmc/articles/3257563
http://f1000.com/prime/13476959
http://www.ncbi.nlm.nih.gov/pubmed/24943841
http://dx.doi.org/10.1091/mbc.E14-02-0710
http://www.ncbi.nlm.nih.gov/pmc/articles/4142615
http://www.ncbi.nlm.nih.gov/pubmed/21883761
http://dx.doi.org/10.1111/j.1600-0854.2011.01268.x
http://www.ncbi.nlm.nih.gov/pmc/articles/3245886
http://f1000.com/prime/724136257
http://www.ncbi.nlm.nih.gov/pubmed/23691103
http://dx.doi.org/10.1371/journal.pone.0063843
http://www.ncbi.nlm.nih.gov/pmc/articles/3653863
http://f1000.com/prime/724136257


F1000Research

3

2

1

Open Peer Review

   Current Referee Status:

Editorial Note on the Review Process
 are commissioned from members of the prestigious  and are edited as aF1000 Faculty Reviews F1000 Faculty

service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:
Version 1

, Center for Plant Science Innovation and Department of Plant Pathology, University ofSteven Harris
Nebraska, Lincoln, NE, USA

 No competing interests were disclosed.Competing Interests:

, Plant and Microbial Biology Dept, University of California, Berkeley, CA, 94720, USAN. Louise Glass
 No competing interests were disclosed.Competing Interests:

, ,  Department of Plant Pathology and Microbiology, Texas A&MBrian Shaw Zachary Schultzhaus
University, College Station, TX, USA

 No competing interests were disclosed.Competing Interests:

Page 12 of 12

F1000Research 2016, 5(F1000 Faculty Rev):2801 Last updated: 30 NOV 2016

http://f1000research.com/channels/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty

