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Abstract

In fungal syncytia dozens, or even millions of nuclei may coexist in a single connected cytoplasm. 

Recent discoveries have exposed some of the adaptations that enable fungi to marshall these 

nuclei to produce complex coordinated behaviors, including cell growth, nuclear division, 

secretion and communication. In addition to shedding light on the principles by which syncytia 

(including embryos and osteoplasts) are organized, fungal adaptations for dealing with internal 

genetic diversity and physically dynamic cytoplasm may provide mechanistic insights into how 

cells generally are carved into different functional compartments. In this review we focus on 

enumerating the physical constraints associated with maintaining macromolecular distributions 

within a fluctuating and often flowing cytoplasmic interior.
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1. Introduction

Biomechanicians have studied extensively the adaptations that enable organisms including 

plants, insects, larvae and bacteria, to deal with external fluid flows, from wind to water 

currents in rivers and the ocean[1]. However cells encounter a parallel challenge of creating 

and shaping internal flows. Filamentous fungi have especially dynamic cellular interiors: in 

Neurospora crassa mycelia continuous transport of cytoplasm from the mycelial interior to 

its growing edges carries nuclei, cytoplasm and organelles at speeds of 10s of microns per 

second [2]. Even in slower growing fungi nuclei and organelles may be in constant motion 

[3, 4]. Although these flows allow long range transport of nutrients and organelles over the 
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colony, mechanisms are needed to localize the mRNAs and proteins that direct spatially 

regulated processes e.g. cytokinesis [5] or cell-cell communication [6]. In this review we 

will highlight primarily the role of physical mechanisms that allow ascomycete fungi to 

localize macromolecules against both diffusion and cytoplasmic flow. We will also discuss 

how mRNA and protein homogenization between may allow the fungus to tolerate internal 

genetic and epigenetic diversity. Increasing data suggests that these cellular-level dynamics 

are a motor for virulence and for the ability of the fungus to adapt to new hosts and changing 

environments.

2. Fungal models for dynamic syncytia

In this review we focus on filamentous ascomycete fungi. There are multiple reasons for 

choosing filamentous fungi as syncytial models: (1) Fungal compartments are among the 

largest of syncytia, capable of forming cytoplasmically connected networks that extend 

several centimeters [7]. (2) Transport within these networks is associated with rapid and 

long-ranged cytoplasmic flow. For example single nuclei may travel several centimeters 

through a N. crassa mycelium [8] at speeds of up to 60μm/s [2]. (3). Multinucleate 

ascomycete cells can be effectively compared with processes that are well studied in the 

uninucleate yeast S. cerevisiae (4) Filamentous fungi are tolerant of internal genetic 

diversity; in some species nuclei can be exchanged by the fusion of genetically distinct 

mycelia. Although such events are limited (but not absent [7]) in Nature because of somatic 

recognition mechanisms [6], laboratory-created chimeras allow measurement of protein-

sharing between nuclei [9]. Note also that although fungal syncytia represent extremes in 

size and cytoplasmic dynamism; cytoplasmic flow is found in many cells and syncytia, 

including embryos [10, 11, 12]. Thus syncytial fungi are powerful models to study how 

macromolecular patterning (Fig 1A) can occur in cells with dynamic cytoplasm.

The heterogeneous patterning of mRNA and protein distributions within fungal syncytia can 

be inferred from heterogeneous nuclear behaviors and by direct imaging. When synthetic 

syncytia are created from mammalian, slime mold or yeast cells [13, 14], nuclei divide 

synchronously and so appear to receive identical cues from their shared cytoplasm. 

However, in fungal syncytia asynchronous nuclear division is common [7]; for example in 

A. gossypii the sister nuclei produced by the division of a single nucleus divide at the same 

rate but duplicate DNA and Spindle Bodies at essentially uncorrelated times [15, 16]. In 

chimeric fungi genetically different nuclei may be maintained in stably different 

proportions, suggesting that cyclins can be targeted to specific nuclei within the syncytium 

[17, 9]. Protein and mRNA distributions can also be directly imaged using techniques like 

single molecule Fluorescence in situ Hybridization (smFISH) (Fig. 1A). smFISH shows that 

in A. gossypii cyclin transcripts form heterogeneous clusters near nuclei [18] and polarity 

transcripts cluster near incipient hyphal tips [19].

3. Physical mechanisms for the localization of proteins and mRNAs within 

the fungal syncytium

Proteins and mRNAs may travel through a continuous cytoplasm either by diffusion or by 

flow. In common with other cells [20, 21], filamentous fungi use active transport along the 
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cytoskeleton to localize some mRNAs, for example those associated with polarity 

establishment [22]. For some proteins (e.g. the protein-rich Spitzenkörper at growing hyphal 

tips [3]) localization seems to involve protein-cell membrane interactions. However for 

many macromolecules there is no known cytoskeletal partner or active transport mechanism. 

Indeed in N. crassa hypha with fast cytoplasmic flow, microtubules themselves are 

transported along with cytoplasm (Fig. 1B). Accordingly we focus on cytoskeleton 

independent mechanisms for patterning macromolecules within the cell. The distribution of 

any such macromolecule is determined by three physical effects: (i) Diffusion or random 

thermal motions. (ii) Bulk flow within the flowing cytoplasmic stream. (iii) The lifetime of 

the macromolecule. For a macromolecule with lifetime τ, diffusivity D, and in a cell with 

cytoplasmic velocity U, the relative contributions of diffusion and bulk flow to 

macromolecular transport can be estimated by comparing the distance that the 

macromolecule diffuses in its lifetime, , with the distance it is carried by bulk flow, Uτ. 

The ratio of these two distances is a dimensionless number : if C > 1 then most 

transport of the macromolecule is by the diffusion and if C < 1, then most transport is by 

flow. One way to use this criterion is to compute from the diffusivity D and lifetime τ of a 

macromoleule the minimum flow velocity at cytoplasmic flow starts to dominate protein 

distribution. For example for a medium sized macromolecule (D = 25 μm2/s) with a lifetime 

τ = 1 hr, cytoplasmic flow dominates diffusion if . This is faster than 

typical velocities within Aspergillus niger hypha (U = 0.04 μm/s [23]) but much lower than 

velocities seen in N. crassa (U = 0.2 – 60 μm/s). By comparison, for a typical-sized mRNA 

(D = 0.2 μm/s) with the same lifetime, bulk flow is more important than diffusion if U > 

0.007 μm/s, which is achieved in most growing fungal hyphae [23], To control the distance 

that macromolecules travel from the sites of their production, a fungal syncytia can 

manipulate one or more of the physical effects (i)–(iii) (Fig. 1C).

Altering protein diffusion

A macromolecule with diffusivity D and half-life τ will diffuse a distance  from the site 

of its production (Fig. 1C). For a cyclin transcript or protein, a useful base of comparison is 

that in many fungi (including A. gossypii and N. crassa), nuclei are spaced around 5 μm 

apart: if a cyclin diffuses this distance or less, it will likely be used by the same nucleus that 

produces it. Cyclins that diffuse further than 5 μm will be shared between multiple nuclei. 

The diffusivity D can be calculated from the Stokes-Einstein relation [24], which states that 

 where kBT is the thermal energy of the cytoplasm, μ is the viscosity or stickness of 

the cytoplasm, and dp is the diameter of the protein. The thermal energy depends only on the 

absolute temperature T of the cytosol, and varies little between different species (in fact by 

only 5% when a species growing at 30°C is compared with a species growing at 15°C.) 

Accordingly the major variables under fungal control are protein size and viscosity, and we 

consider adaptation of these parameters separately:

Cytoplasm viscosity

The viscosity of cytoplasm varies according to protein content. In mammalian cells, this 

variation is known to have implications for mRNA dynamics: for example Fusco et al. [25] 
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showed that among β-actin mRNAs, 30–40% of transcripts appear to be corralled – i.e. 

although not stationary, they remained localized to small (<5 μm3) sub-compartments of the 

cell – due to interactions between the diffusing mRNAs and the microtubule network. 

Filamentous fungi also use protein matrices to hinder macromolecular diffusion and it is 

likely that the physical mechanism is similar. For example the protein Whi3 includes both a 

polyQ tract and an RNA recognition motif that targets CLN3 message [26]. In A. gossypii, in 

the presence of CLN3, Whi3 proteins assemble into demixed liquid or gel droplets that link 

together into long filamentous structures. In vitro experiments with the purified components 

of these aggregates suggests that aggregation is a form of phase separation, driven both by 

multivalent interactions between mRNAs and Whi3 and by polyQ associations between the 

Whi3 molecules [27]. Association with Whi3 creates mRNA rich patches near to nuclei and 

in the absence of Whi3 nuclei divide synchronously [18]. In a complex with a second low-

complexity protein (Puf2) Whi3 performs a similar function by clustering formin transcripts 

at polarity sites [28]. Although relatively few examples of mRNA-protein complexes have 

been studied, the abundance of polyQ rich proteins in both fungal and animal proteomes 

[29] suggests that self-organized RNA-protein complexes may provide a general mechanism 

for localizing mRNAs to specific points of the cell.

Protein size

For globular proteins, dp scales with sequence length raised to the 1/3-power, so even a 

twenty-five-fold difference in amino acid length (such as the difference between the smallest 

[200 a.a.] and largest [5000 a.a.] S. cerevisiae proteins [30]) decreases D only by a factor 

251/3 = 2.9. However in yeast cells proteins can also form very large aggregates: for 

example the heat shock protein Hsp104 induces damaged proteins to form large aggregates 

with typical diffusivities of D = 6 × 10−4 μm2/s, and with half-lives on order of τ = 1 hr [31]. 

With these parameters, we expect Hsp104 induced protein aggregates to p localize to 

cytosolic compartments of size: . Similarly in yeast cells long lived proteins 

(LARPS) localize to parental cells and never enter bud cells; the two known cytoplasmic 

LARPS Hsp26 and Thr1 are found as macroaggregates [32]. Finally, mRNAs themselves 

diffuse more slowly than the proteins that they code for because nucleotides are much larger 

than the amino acids and because the mRNAs typically have ring-like rather than compact 

globular conformations, so their diameter is directly proportional to sequence length [33]. In 

particular, the diffusivity of cytoplasmic β-actin mRNA in mammalian cells is D = 0.1 μm2/s 

[25], while the protein has a 700-fold larger diffusivity (D =7.2 μm2/s) based on its diameter 

[34]. mRNAs often co-localize with their protein products [35] and because of their slower 

diffusion mRNAs rather than proteins may provide the templates for compartmentalizing the 

syncytium.

Altering bulk flow

If the velocity of the fungal cytoplasm is U, then a macromolecule with half-life τ will be 

advected a distance of order Uτ before being degraded. As shown in Figure 1B, cytoplasmic 

bulk flow in Neurospora crassa transports cytoplasmic proteins, including the cell 

cytoskeleton. This flow alters macromolecular distributions in two distinct senses: First, 

because of variations in velocity (known in physics as shear) across the hyphal cross-section 
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from the fastest flow at the hyphal center to slowest flow near the hyphal walls, 

macromolecules and proteins are constantly rearranged with respect to each other (Fig 2A). 

Second, the flow of cytoplasm constantly advects organelles and proteins downstream from 

the sites of their production. For macromolecules whose targets are also flowing with the 

cytoplasm (for example cyclins that target free-flowing organelles like nuclei) local 

rearrangements within the cytoplasm are likely to be more important than the absolute 

position of the macromolecule within the syncytium. For macromolecules that target 

specific points in the hyphal wall (including secreted proteins or proteins involved in cell 

wall-remodeling) advection of macromolecules downstream is likely to be more important. 

We separately consider adaptations for controlling these two effects of flow:

Controlling rearrangements within the cytoplasm

Typically fluids flowing in a narrow pipe adopt a parabolic velocity profile [36]: fluid sticks 

to the walls of the pipe and flows fastest in the center of the pipe. Because of this velocity 

gradient, particles introduced at different positions across the pipe are sheared out in the 

direction of low with time, with particles starting closest to the walls lagging particles that 

start near the center of the pipe (Fig. 2A). However, velocimetric measurements of bulk flow 

in real. N. crassa hyphae show little difference in velocity between cytoplasm near the 

hyphal walls and cytoplasm at the center of the hypha[37, 8]. The most likely explanation 

for the lack of shear is the viscoleastic nature of the cytoplasm: Filled with entangled 

polymers and large proteins, it flows more like toothpaste from a tube than water in a pipe. 

Polymeric liquids like toothpaste slip on rigid boundaries[38]. Due to the lack of velocity 

variation across the hypha, when we simulated the flow of nuclei and macromolecules in a 

mathematical model of a N. crassa hypha, we saw very little rearrangement (Fig. 2A). In 

particular when simulated macromolecules were followed for 30s, fewer than 5% changed 

the nucleus that they were most closely situated to, suggesting that interactions between 

macromolecules and organelles may be robust to flow in the hypha.

Controlling downstream advection

In filamentous fungi, secreted proteins are translated within the Endoplasmic Reticulum 

(ER) [39]. In Aspergillus oryzae the distribution of ER can be mapped in BipA-GFP strains 

[40]: ER forms coronae around each nucleus and tubular structures around the periphery of 

the cell. Long peripheral ER tubules are likely to move less with cytoplasmic flow than 

nuclei, so may allow translation at fixed locations even within flowing hyphae. Additionally 

secretion in A. oryzae and A. niger seems to occur at sites (hyphal tips and septa [41, 42]) in 

which flow is weakest. These regions of the hypha may allow secretion in the presence of 

bulk flow by sheltering protein traffic from the cytoplasmic stream.

Hyphal wall remodeling may require that proteins be targeted to the cell wall at regions that 

are not sheltered from flow; i.e regions away from hyphal tips and septa. In N. crassa motor 

driven transport allows nuclei to travel in a direction opposite to cell growth and bulk-

cytoplasmic flow [43]. Although cellular microtubules are passively advected with the 

cytoplasm (Fig 1B and movie S1), the cell also contains cortical microtubules that are 

embedded in the plasma membrane [44], and we wondered whether nuclei and possibly 

other organelles could be trafficked on these microtubules even in fastest flowing hypha. 
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Accordingly, we made a direct measurement of nuclear dynamics in N. crassa hyphae with 

fast (¿5 μm/s) flowing cytoplasm (following the method described in [8], see Fig. 2C and 

Movie S2). We found even in these fast flowing hypha a population of nuclei near the cell-

membrane that were either stationary or moved against the direction of flow. Although we 

were not able to simultaneously image cortical microtubules, the counter-flowing nuclei 

were deformed with long tethers, consistent with the action of motor proteins applying 

focused forces on the nuclear membrane [45]. Restricting nuclei and potentially also 

macromolecules to a scaffold of microtubules at the cell membrane may create a 2D surface 

on which cellular functions can be carried out even in the presence of flow in the bulk of the 

hypha.

Balancing diffusion and bulk-flow

Although we have highlighted the role of cytoplasmic flow to disperse macromolecules 

within the cell, flow can also counteract diffusion to localize macromolecules. Proteins 

associated with secretion and polar growth are localized at hyphal tips: Macromolecules 

created at hyphal tips will tend to diffuse away from the tip, but can be confined by 

continual tipward flow of cytoplasm. The balance of diffusion and bulk flow localizes 

proteins to within a distance D/U from the tip (Fig. 1C). For a small protein in a fast-

growing N. crassa hypha (U = 1 μm/s, D = 25 μm/s) flow alone will localize proteins to 

within a distance d = 25 μm of the growing tip. Even weak cytoplasmic flow in slower 

growing syncytia can be augmented by septal walls. In ascomycete fungi, these walls 

contain small pores that are dynamically opened or closed by a specialized form of 

peroxisome called a Woronin body [46]. In older regions of the mycelium the pores are 

typically closed [23], and even small proteins like GFP can not pass through a closed pore; 

pore closure is thought to allow different compartments to function autonomously of each 

other [47]. Near hyphal tips, the pores are generally open [23, 47] allowing free passage of 

cytoplasm. However, examination of the physics that control macromolecular distribution 

shows that pores may allow only unidirectional flow of macromolecules: 1. passage through 

a small pore reduces protein diffusion; for a pore of diameter dp in a hypha of diameter a, 

the diffusivity for proteins traveling in either direction through a pore is reduced to 

 [47]. Since all of the cytoplasm flowing along the hypha must be focused to 

pass through the narrow pore; velocity within the pore is increased to  . In A. 

niger dp/a = 0.04 [47], so with a typical growth speed of 0.04 μm/s, we predict Up = 16.5 

μm/s so that pores are unlikely to hinder transport of macromolecules in the direction of 

growth. However, proteins moving in the opposite direction must diffuse upstream, and their 

localization scale is  for A. niger. Open septal pores may 

therefore provide one-way conduits; allowing proteins and mRNAs to be transported easily 

toward growing tips, but preventing them from diffusing in the opposite direction (Fig. 2B). 

Open pores may therefore act as barriers between different parts of syncytium and the large 

number of pore specific protein aggregates [48] is consistent with their acting as interfaces 

between functionally different compartments.
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Life-time

Diffusing macromolecules will diffuse a distance , while advected macromolecules 

will be carried a distance Uτ, before being degraded (Fig. 1C). Both distances decrease as 

macromolecule life times decrease. Indeed, although cyclin half-lives are not known in 

filamentous fungi, in S. cerevisiae the half-life of CLN3 mRNAs is only 2 min[49]. If their 

diffusivity is D = 0.2 μm2/s, then proteins will be localized to within  of the 

nuclei from which they originate; i.e. shared only between this nucleus and one or two 

nearest neighbors. However, reducing mRNA lifetime while maintaining mRNA abundance 

means that more mRNAs need to be transcribed at greater cost to the cell.

4. Discussion – An heterogeneous or homogeneous cellular interior?

We have physically organized the known adaptations used by fungi to localize 

macromolecules at specific points in the cell and highlighted evidence that these 

macromolecules are controllably and heterogeneously patterned through the syncytium. At 

the same time, dispersal of macromolecules through a shared cytoplasm endows fungi with 

tolerance for internal genetic diversity [7]. In addition to providing a source of phenotypic 

plasticity [17], shielding of deleterious mutations may allow more rapid adaptation to 

fungicides and new hosts. For example in Fusarium oxsporum, virulence effector genes 

seem to be concentrated in unstable genomic regions [50], while in Aspergillus nidulans 

ploidy-changes accelerate adaptation to fungicides [51]. Although the direct necessity of 

chimerism is not proven in these cases, it is supported by studies of the basidiomycete 

species complex Rhizoctonia solani. Here the strain (AG8) with the largest host range 

produces multinucleate compartments, and bears signatures of hypermutation in many of the 

genes shared in common by its nuclei [52]. In addition to the interactions between fungus 

and host the balance of localization and dispersion of macromolecules creates complex 

population-level dynamics when the different nucleotypes harbored within the same 

syncytium. For example Neurospora tetrasperma contains two different nucleotypes and 

homokaryotic mycelia created from the two nucleotypes individually grow at different rates. 

Yet the two nucleotypes remain in stable but imbalanced proportions when harbored within 

a single mycelium [53]. If cyclins were not shared, then the proportions of the two 

nucleotypes would skew more and more toward the faster growing mating type over time. 

Conversely, if cyclins were freely dispersed then nucleotypes would be maintained in equal 

rather than imbalanced proportions. Fast cytoplasmic flows provide a mechanism for 

distributing different nucleotypes uniformly through the mycelial network [8], but physical 

modeling suggests that controlled diffusion or cytoplasmic mixing of macromolecules 

between nuclei is also necessary. Uninucleate cells and bacteria encounter the problem of 

equipartitioning macromolecules between nuclei or cells only once in every cell-division 

cycle [54]. The ability of fungi to continuously solve this partitioning problem between 

genetically and epigenetically diverse nuclei may advance them as model systems for 

understanding how cells deal with genetic as well as environmental and physical sources of 

variation.
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Highlights

Fungal syncytia are models for the study of functional compartmentalization of cells.

Diffusion, cytoplasmic flow and degradation determine how far each macromolecule 

disperses.

Localization of macromolecules can be predicted by physical modeling.

Aggregation, corralling, septa and shear set localization distances.

Multinucleate organization is shaped by localization and dispersion of 

macromolecules.
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Figure 1. 
Filamentous fungi create dynamic syncytia containing hundreds or even millions of nuclei 

sharing a single connected cytoplasm. (A) smFISH allows mRNA patterning to be directly 

measured in the shared cytoplasm of an Ashbya gossypii syncytium. (B) Fast cytoplasmic 

flow can disrupt macromolecule distributions by carrying cytoskeleton and nuclei 

downstream. Here we show microtubule distributions in two Neurospora crassa hyphae. 

Within a slow-flowing hypha GFP-labelled microtubules [55] provide a stable cytoskeleton 

(white arrow). In a fast-flowing hypha, the microtubules are advected with the cytoplasm 

(orange arrow). Scale bar: 10 μm. The interval between frames is 1.55 s. (See also Movie 

S1). (C) Macromolecules (orange dots) are dispersed from the sites of their production (e.g. 

mR-NAs from the nuclei that transcribe them) by a combination of diffusion and bulk 

cytoplasmic flow. Balancing diffusion, bulk flow and lifetime leads to different levels of 

macromolecule localization:  if diffusion and degradation dominant, Uτ is flow and 

degradation dominate and D/U if diffusion and flow dominate.
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Figure 2. 
Multiple physical adaptations counteract the diffusion and flow of proteins. (A) We simulate 

the displacement of macromolecules (green) and nuclei (blue) after 30s of flow at 1 μm/s, 

representing flow within a Neurospora crassa hypha. Upper panel: initial positions, middle 

panel: predicted displacement using parabolic velocity, lower panel: predicted displacement 

using measured velocity profile. Although organelles and macromolecules are all moved 

downstream, few rearrangements occur when the real velocity profile is used. (B) Open 

septal pores act as diffusion blocks limiting the flow or mRNAs and proteins, allowing 

different compartments to perform autonomous functions. Absent flow, there is hindered 

diffusion across the pore. However, in the presence of cytoplasmic flow, the pore can 

function like diode allowing proteins and mRNAs to freely travel in the direction of flow 

(here left to right), but preventing all transport in the opposite direction. (C) Nuclei can be 

held stationary, or even trafficked in the opposite direction to flow (green arrows), in a 

hypha with fast cytoplasmic flow (orange arrows show motion of nuclei that are traveling 

with the bulk flow) (see also Movie S2). We hypothesize that cortical microtubules may 

anchor macromolecules generally against cytoplasmic flow. Time elapsed between frames is 

0.7s. See also Movie S2.
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