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Abstract

Data are presented on the spatial arrangement of the intracellular structures in the apical end of the vegetative
hyphae of the filamentous fungus Neurospora crassa and the involvement of these structures in the tip growth of the
hyphae. On the basis of the comparison of the behavior of mitochondria and microtubules and the data on the
electrical heterogeneity of the hyphal apex, a hypothesis is proposed about a possible supervisory role of the
longitudinal electric field in the structural and functional organization of the growing tips of the N. crassa hyphae.
New data are presented on the tip growth of Neurospora crassa in the conditions of the resource deficiency. Namely,
impairments in the coherence of elongation, branching and septation were studied in isolated 400 μm long apical
fragments of N. сrassa hyphae growing for several hours without the influx of the nutrient materials from the
mycelium. This experimental model can be used for the investigations of the molecular and genetic mechanisms
regulating the interactions between intracellular structures involved in the tip growth of Neurospora сrassa.
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Introduction
The advances in modern experimental biology allowed

accumulating a large amount of data on the structure and dynamics of
intracellular systems involved in tip growth (TG) of N. crassa
vegetative hyphae. The schematic maps of many metabolic pathways
and descriptions of a large amount of participating molecules,
including regulatory proteins, were assembled. But building of a
holistic picture of the genetic regulation of the interaction between
molecules and intracellular systems during TG is complicated by the
fact that a growing N. crassa hyphal apex simultaneously performs
several tasks – such as rapid elongation, spatial orientation,
accumulation of matter resources, etc., all controlled by different genes
[1].

Dozens of laboratories all over the world intensively study the
connection between genome activity and N. crassa functions, and the
TG analysis presents the most difficulties [2-4]. It became already clear
that the activity of at least 50 genes is essential for TG to occur [5], but
the exact correlations between separate processes behind cell
morphogenesis- signal transmission, cytoskeleton building, polarized
secretion and cell wall formation - are yet to be determined. There is
certain hope concerning the new technological possibilities for the N.
crassa cell biology research, such as vital fluorescent proteins [6-8].

Special Construction of the Anterior ~ 165 µm of
Hyphal Apex
The latest research showed a special structural order of a 120-150

µm long hyphal apex, that demonstrates the following features:

• First septum develops no closer than ~ 165 µm from the growing
tip of an adult hypha [9,10];

• Н+-ATPases (main Em generators for N. сrassa) are embedded
into the plasma membrane no closer than ~120 µm from the
growing tip [11,12];

• The value of Em over the apical 120-150 µm is considerably lower
than on a distal part of the hyphae [13,14];

• The motion pattern of microtubules in the apical 120-150 µm part
also feature peculiarities, such as a parallel orientation along the
hypha axis and ATP-dependent assembly-disassembly instead of
movement with the cytoplasmic stream [5,15,16];

• Filamentous mitochondria are concentrated at a distance of 20-30
µm from the growing tip [17,18];

• Nuclei are absent in the area located at a distance of 20-30 µm
from the growing tip (“nucleus-free zone”) [7,19].

For N. crassa germ tubes [20] it was demonstrated that the
structural order of an apical end of hyphae is formed gradually: when a
germ tube reaches ~ 150 µm in length, a Spitzenkorper (a vesicle
aggregation center) appears on its apical end, intracellular organelles
are positioned in a certain order, a “nucleus-free zone” emerges. A
similar gradation in the formation of a hyphal apex structural order
was described in the study of mitochondria and microtubules behavior
during a lateral branching [5,15-18]. In N. crassa hyphae,
mitochondria move along the microtubules, possessing the needed
molecular genetic parts to interact with those structures [3,5,21-25].

As estimated by the mathematical model that quantifies the
microtubule work on transporting vesicles to the apical end of N.
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crassa hyphae [26], an ordered ensemble of ≈ 10 microtubules is
capable of performing the task of delivering a sufficient quantity of
vesicles containing materials necessary for hypha elongation to the
growth zone at a necessary speed.

Figure 1: Growth and development of the apical fragments of N.
crassa hyphae after isolation from maternal mycelium (details of
method see in [27]). Black arrows show the point of hyphal tip
immediately after isolation from mycelium. A. Two apical
fragments (307 μm and 485 μm long) photographed immediately
after isolation. B. The same fragments 2 h later. The shorter
fragment stopped growth. The longer one continued to elongate
with 6.6 μm/min rate but almost without developing the side
branches. C. The successfully elongating fragments 4 h after
isolation from mycelium. The 1st side branch is formed 693 μm
away from the growing tip and 928 μm away from previously
formed branch. Also there are some rudimental side branches
between the normally developing ones. D. Fluorescence of
Calcofluor White (standard marker of septa in Neurospora crassa)
in the apical part the elongating fragments 2.5 h after isolation from
maternal mycelium. At this moment the first septa was situated 267
μm away from the point of growth and the first side branch was 517
μm away. At the same time the length of segments did not differ
from that in maternal mycelium.

Hyphal Fragments Isolated from Mycelium as an
Experimental Mode and Its Properties

For decades one of the most effective instruments for researching
molecular genetic foundations of N. сrassa vegetative mycelium
functional activity was using mutant strains of this fungus with certain
defects within various functions. Interesting new possibilities were
opened by a new experimental model developed recently, namely the
tip growth of short N. сrassa vegetative hypha fragments that are

isolated from the maternal mycelium (Figure 1). Experimental
procedures for preparation of such specimens were described in [27].

Separation of apical fragments from maternal mycelium leads to a
prominent discrepancy between such important tip growth parameters
as elongation, septation and branching [27]. This experimental model
is characterized by:

• Reduction of hypha diameter (by ~ 50%);
• Considerable reduction in hypha elongation speed with pre-

existing orientation preserved;
• Disruption of a hypha branching rhythm combined with an

occurrence of abnormally large intervals between adjacent
branches as well as arrested development of some lateral branch
rudiments;

• Preservation of a septation rhythm and a relative consistency of a
hypha segment size;

• Formation of the first septa at about the same distance from the
growing tip as in maternal hyphae;

• Irregularity of the distance between the first lateral branch and a
growing tip compared to the maternal hyphae;

• Existence of a nucleus-free zone at a 5-33 µm distance to a growing
point.

Because of a reduced diameter of growing daughter branches on
isolated N. сrassa fragments, it is possible to observe individual nuclei
in them. According to observations, the shape of DAPI-stained nuclei
in growing isolated fragment daughter branches varies from round to
pear-shaped, and there are special more brightly fluorescent
formations on their surface that correspond to a spindle pole bodies
connecting a nucleus to microtubules [28-32]. Adjacent nuclei on the
apical ends of growing isolated fragment daughter branches divide
asynchronously, same as in hyphae connected to mycelium [20,29,30].

The Possible Regulatory Role of the Electrical
Heterogeneity in the Apical End of Hypha

Considering different possible mechanisms of creating and
maintaining an ordered microtubule and mitochondria ensemble on
an apical end of a growing hypha we assumed that electric
heterogeneity of an apical end of hyphae might play a certain part in
this process [17,18,33].

According to the data from electrophysiological measurements and
theoretical model analysis [14,34-36], hyphal apexes about 200 µm in
length behave like segments devoid of Em generators. The main Em
generators for N. crassa are Н+-ATPases of plasma membranes [37],
while plasma membranes of vegetative N. crassa hyphal apexes are
devoid of Н+-ATPases [11,12].

Higher Em values on hyphal apexes in the presence of electric
connection between apexes and distal hyphae parts are created by Em
generators of older cells, located at a distance of 800–1000 µm to a
growing point [14]. According to our measurements conducted with
the aid of intracellular microelectrodes, the approximate Em1 value at
a distance of 100 µm (L1) from an N. crassa hyphal apex is –130 mV,
and at a distance of 400 µm – approximately –160 mV (Em2) [14,38].
Using these values, we can determine the electric field intensity (E)
along an apical end of hyphae:

E = (Em2 – Em1) / (L2 – L1) = 30 mV / 300 µm = 100 V/m.
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Isolated microtubules in a solution orient themselves and change
their movement speed under the influence of a 2 × 103 V/m electric
field [39,40]. It is possible that within a living cell a considerably
weaker electric field can constantly affect the orientation, positioning
and movement speed of a microtubule ensemble. A more precise
analysis of this assumption requires developing an adequate
mathematical model.

Experimental Impairments in the Coherence of
Branching and Septation
There are still a lot of unknowns about the formation of new lateral

branches on growing hyphae. For many years the correspondence
between the emergence of a new septum on a growing hyphal apex and
the subsequent formation of a new lateral branch led us to assume a
cause-and-effect link between those events: it was believed that the
emergence of a septum slows down the intracellular content streaming
along the hypha and initiates lateral branching. By blocking different
stages of a branching process on mutant lines it was demonstrated [41]
that a branching process is regulated genetically and consists of at least
four stages: 1) determining a new branching point; 2) developing this
point into a growth zone; 3) initial formation of a new branch as a bud;
4) development of a branch involving microtubules.

During tip growth of N. crassa hyphal fragments the branching
process is slowed down during the first 1-2 h after isolation from
mycelium and is recovered during the next 2-3 h. At the same time the
location of lateral branches in no way correlated with the distance to a
growing point and the location and number of septs [27].

The specifics of branching and septation processes under the
conditions of maternal mycelium resource shortage indicate the
independence of branching and septation processes during TG, as well
considerable automatism of a septation process.

At the molecular level there are three stages of septum formation
described for N. сrassa [10,42,43]:

• Accumulation of a septal actin-myosin tangle (SAT) in a particular
place;

• Transforming this tangle into a contractile actomyosin ring (CAR);
• CAR contraction and simultaneous invagination of plasma

membrane and transverse cell wall formation.

According to [27], a new segment forms twice as fast in adult
hyphae as in daughter branches of isolated fragments, but explaining
this phenomena requires additional research.

Conclusion
Based on the analysis of elongation, branching and septation

specifics for N. сrassa hyphal apexes under the conditions of resource
shortage (isolated fragments) and full resource support from the
maternal mycelium (hyphae connected to mycelium) the following
hierarchy of structural tasks that sustain TG [27] is proposed:

• Presence of an organized intercellular structure ensemble on a 100
—150 µm long hyphal apex that prevents the formation of the first
septum closer than ~ 150 µm from a growing tip;

• Septation rhythm with a distance between septum remaining
relatively constant;

• Obvious correlation between the formation of new lateral branches
and the influx of resources from older hyphal parts.

A growing N. crassa hyphal apex simultaneously performs several
tasks: elongation, orientation, accumulation of resources, etc. The
particular importance of the elongation function is supported by the
fact that a highly organized intracellular structure ensemble on the 150
µm long apical segment responsible for elongation remains fully
functional even under the resource shortage conditions (when a
growing hypha is isolated from the mycelium), limiting the location of
the septa closest to a growing point.

Neurospora crassa is one of the first mycelial fungi with completely
decoded genome (details of this work can found at: http://
fungalgenomes.org/wiki/Fungul_Genome_Links). In many
laboratories of the World, the relations of genome activity with
functions of N. crassa are intensively studied, and analysis of TG is the
most difficult [2,3]. It is already clear that the activity of at least 50
genes is essential for TG [5], numerous details of TG at the molecular
and genetic levels are known, and however, the entire technological
scheme of this process is still unavailable. F. Harold, an authority in the
field of cell growth and development, is sure that the program for
organization of behaviour of intracellular structures, especially a
program changing with such high rates as observed during TG of N.
crassa, cannot be described in the genome [22]. From Harold’s
viewpoint, any molecule arising in the cell according to genetic
instructions enters the already organized space under the influence of
pre-existent forces and fields, and this itself is a rather complicated
problem to analyze.

The proposed experimental model of the discrepancy in branching
and septation processes during TG that allows one to measure
morphology and locations of single nuclei on apical end of hyphae can
prove useful in the experimental analysis of molecular genetic
mechanisms of interaction regulation in intracellular structures
sustaining apical growth of N. crassa vegetative hypha.
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