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SUMMARY

Cytoplasmic streaming occurs in diverse cell types,
where it generally serves a transport function. Here,
we examine streaming in multicellular fungal hyphae
and identify an additional function wherein regi-
mented streaming forms distinct cytoplasmic sub-
compartments. In the hypha, cytoplasm flows direc-
tionally from cell to cell through septal pores. Using
live-cell imaging and computer simulations, we iden-
tify a flow pattern that produces vortices (eddies) on
the upstream side of the septum. Nuclei can be im-
mobilized in these microfluidic eddies, where they
form multinucleate aggregates and accumulate foci
of the HDA-2 histone deacetylase-associated factor,
SPA-19. Pores experiencing flow degenerate in the
absence of SPA-19, suggesting that eddy-trapped
nuclei function to reinforce the septum. Together,
our data show that eddies comprise a subcellular
niche favoring nuclear differentiation and that sub-
compartments can be self-organized as a conse-
quence of regimented cytoplasmic streaming.

INTRODUCTION

Cellular subcompartments are a defining feature of eukaryotic

cells. Membrane-delimited organelles provide a fundamental

means of compartmentation wherein specific processes are

organized within a controlled microenvironment. Subcompart-

ments can also form in the absence of membranes when multi-

valent protein-protein and protein-RNA interactions drive the

formation of high-order cytoplasm- and nucleoplasm-based as-

semblies (Brangwynne et al., 2009; Hyman and Brangwynne,

2011; Kato et al., 2012; Lee et al., 2013). Motor proteins that

move on cytoskeletal elements play a key role in determining

organelle distribution. Motor-driven transport can entrain bulk

cytoplasmic streaming, which generally functions to promote

advective transport (Goldstein et al., 2008; Woodhouse and

Goldstein, 2013), and serves a wide variety of biological func-

tions: In animals, it can trigger symmetry breaking through trans-
410 Developmental Cell 34, 410–420, August 24, 2015 ª2015 Elsevie
port of PAR proteins (Goehring et al., 2011), position the meiotic

spindle (Yi et al., 2011), influence morphogen gradients (Hecht

et al., 2009), and promote polarized mRNA localization (Palacios

and St Johnston, 2002). In plants, streaming promotes long dis-

tance transport (Goldstein et al., 2008), as in giant algal cells

(Woodhouse and Goldstein, 2013) and pollen tubes (Hepler

et al., 2001), and the velocity of streaming has recently been

shown to determine plant cell size, presumably through trans-

port of cell growth effectors (Tominaga et al., 2013).

Cytoplasmic streaming also occurs in multicellular fungal hy-

phae where pores at the center of the septum permit cytoplasm,

organelles, and in some cases nuclei, to flow directionally from

cell to cell (Abadeh and Lew, 2013; Bleichrodt et al., 2013; Bul-

ler, 1933; Ramos-Garcı́a et al., 2009; Roper et al., 2013). Flow

allows individual cells to cooperate (Trinci, 1973) to support

rapid invasive tip growth of saprotrophic and pathogenic fungi

alike. In Neurospora, intercellular streaming also drives the mix-

ing of genetically heterogeneous nuclei, and thereby promotes

genetic diversity within the colony (Roper et al., 2013). In

contrast to motor-driven streaming in animals and plants, in

the fungal hypha, osmotic pressure gradients drive bulk cyto-

plasmic streaming (Abadeh and Lew, 2013; Lew, 2005, 2011).

Beyond this key distinction, little is known about how fungal

cytoplasmic streaming is patterned and its impact on cellular

organization.
RESULTS

Hyphal Compartments Cooperate to Promote Rapid
Tip Growth
The fungal colony undergoes a maturation process as it de-

velops from unicellular spores to a multicellular hyphal network.

We initiated this study by making movies to document this pro-

cess in Neurospora crassa. As the hypha increases in length, its

rate of tip growth accelerates over a period of around 24 hr to

eventually reach a maximum of approximately 1 mm/s (Figure 1

and Movie S1). Branches produced by the primary hypha gener-

ally growmore slowly. However, from their inception, their rate of

tip growth also increases with increasing length of the primary

hypha. Together, these data demonstrate a tissue-like property

of the fungal colony wherein hyphal length is correlated to the

rate of tip growth.
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Figure 1. Cellular Cooperativity in the Multicellular Hypha

(A) For a selected hypha, the position of the hyphal tip in primary (red) and

secondary (other colors) hyphae is marked every ten minutes. Scale bar rep-

resents 1 mm.

(B) The instantaneous growth rate is calculated at each time point. Note that

the growth rate of the hypha gradually increases over time, reflecting the

contribution of sub-apical compartments to tip growth. Data for time points

between 17 and 23 hr was extracted from a second movie of the same colony.

(C) The cartoon depicts the structure of a primary and secondary hypha. The

septumwith its central pore and cortex tetheredWoronin bodies are indicated.

The length of the dotted arrows (labeled a, b, and c) is proportional to the rate

of cytoplasmic flow, which is determined by the rate of upstream tip expan-

sion. Note that the rate of flow at position c is given by the addition of flow rates

at positions a and b. Nuclei (green) and organelles (red) are depicted below

their actual density. This figure is related to Movie S1.
Cytoplasmic Flow Does Not Conform to Expectations
of a Newtonian Fluid
Cell-to-cell cytoplasmic streaming accompanies the develop-

ment of rapid tip growth. The velocity of streaming is variable

and depends on the number of growing tips that are being fed

cytoplasm by a given segment of the hyphal network (Figure 1C).

To investigate the nature of high velocity flow, we focused on the

septum of primary hyphae approximately 0.5 cm behind apical

compartments and quantified the movement of nuclei and per-

oxisomes by time-lapse confocal microscopy. Both compart-

ments can readily be observed flowing at rates of approximately

20 mm/s (Figures 2A and 2B andMovie S2). Themaximum rate of

tip growth is around 1 mm/s, indicating that these hyphal seg-

ments are feeding cytoplasm to dozens of downstream hyphal

tips.

Fluid mechanics necessitates that streaming velocity in-

creases in proportion to the degree of constriction imposed by

the pore. Indeed, both compartments accelerate as they

approach the pore to reach peak measured velocities in excess

of 200 mm/s. On the entry side of the septum, the cytoplasm ac-

celerates along a long, converging path. In contrast, the flow de-

celeratesmore rapidly on the exit side of the septum, and along a

wider, diverging path (Figures 2A and B). To determine whether

this pattern conforms to expectations of fluid mechanics, we

simulated pressure driven flow of an idealized Newtonian fluid

through a cylinder of hyphal dimensions (Figure 2C). Due to the

viscous nature of the flow, the acceleration and deceleration pro-

files are symmetric in the plane of the septum (Figure 2C). Thus,
Develop
flow observed within the hypha does not conform to expecta-

tions of Newtonian viscous flow.

Streaming Engenders Conspicuous Upstream Eddies
Flow approaching the septal pore produces regions of relatively

stagnant cytoplasm that occur where the septum meets the

lateral cell wall. In this area, peroxisome and nuclei can flow in

the reverse direction indicating the presence of vortices (Fig-

ure 2A andMovie S2).We refer to these regions as eddies. Nuclei

closely associated with the cell cortex tend to be excluded from

the flow, and this effect appears to be more pronounced in the

region of eddies (Figure 2D). Large vacuoles can also become

immobilized on the upstream side of the septum and excluded

from flow (Figure 2E). These vacuoles are seen at the second

to third septum of primary hyphae, indicating that they form

soon after deposition of the septum. Indeed, eddy-trapped vac-

uoles can increase their diameter by many microns in less than a

minute (Figure 2E), presumably by fusing with smaller vacuoles

that arrive with the flow.

Microtubules Contribute to Non-Newtonian Flow
In Neurospora, long cytoplasmicmicrotubules emanate from nu-

clear spindle pole bodies (SPBs) (Freitag et al., 2004; Ramos-

Garcı́a et al., 2009). To examine their behavior in flow, we

made movies using a strain expressing a b-tubulin-GFP fusion

protein (Freitag et al., 2004). Flowing microtubules have a more

or less random orientation upstream of the septum, but become

aligned parallel to the long axis of the hypha as they approach

the pore (Figures 3A and 3B and Movie S3). This orientation is

rapidly lost on the downstream side of the septum, and overall,

this asymmetric pattern is similar to that observed for flowing

peroxisomes and nuclei (Figure 2).

When flowing microtubules enter the high-velocity flow-field

near the pore, they are expected to accelerate along their entire

length. This would tend to entrain flow to promote a funnel-

shaped entry path. In contrast, deceleration upon pore exit pro-

motesmicrotubule relaxation andwould tend to diminish entrain-

ment resulting in a broader exit path. Computer simulation of an

idealizedmicrotubule bundle in aNewtonian viscous flowcorrob-

orates this view. As opposed to the symmetric flow observed

when simulations are conducted in the absence of microtubules

(Figure 2C), their presence leads to asymmetric flow across the

septum and the formation of upstream vortices (Figure 3C).

To directly assess the role of microtubules, we employed the

microtubule depolymerizing drug nocodazole. Because micro-

tubules are required for growth, and flow only occurs in

growing hyphae, we employed a drug concentration that in-

hibits hyphal extension by approximately fifty percent. In the

presence of nocodazole, long cytoplasmic microtubules are

not observed, rather the microtubule tag produces a mostly

punctate signal (Figure 3D). We quantified the movement of

nuclei in hyphae that had similar rates of flow. These data

show that when cytoplasmic microtubules are depolymerized,

the distance from the septum at which nuclei begin to accel-

erate is significantly reduced (Figure 3D). To quantify this effect,

we used the statistical measure skewness (see Experimental

Procedures). Where a value of 0 refers to perfectly symmetrical

flow, the skewness of the velocity distribution is reduced from

1.83 for control hyphae to 0.45 for nocodazole treated hyphae.
mental Cell 34, 410–420, August 24, 2015 ª2015 Elsevier Inc. 411
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Figure 2. Cytoplasmic Streaming through

the Primary Hypha

(A) A maximum projection shows the pattern of

flow of peroxisomes as they approach and exit the

pore (upper). Scale bar represents 10 mm. The

movement of peroxisomes (middle panel) and

nuclei (lower) is shownover ten successive frames.

Scale bar represents 5 mm. Time is indicated by

coloring each frame from magenta to blue ac-

cording to the scale provided. Arrowheads point to

eddy-localized organelles that reverse their direc-

tion of movement. Direction of flow is indicated by

an arrow. This figure is related to Movie S2.

(B) The instantaneous velocity of peroxisomes and

nuclei is shown with respect to the position of the

septum. Note that flow is asymmetric in the plane

of the septum.

(C) Computer simulation of a Newtonian flow

through a model hypha, whose hyphal radius is

8mm,pore radius is0.2mmandseptalwall thickness

0.4 mm. The speed of flow is color coded according

to the scale shown at the bottom. Note that simu-

lated flow is symmetrical in the plane of the septum.

Scale is indicated on the y axis. See Experimental

Procedures for additional information.

(D) Cortex associated nuclei resist flow. The

instantaneous velocity of nuclei is coded according

to the color scale found at the bottom of the figure.

The lower panel plots the data as a kymograph

showing time (y axis) against distance from the

septum (x axis). Note that slowly moving cortex

associated nuclei tend to stop moving on the up-

stream side of the septum. Scale is indicated on the

x axis.

(E) Vacuoles in the eddy. The still image shows a

large eddy-trapped vacuole (V). Inset: images

showing maturation of an eddy-trapped vacuole at

a young primary septum (third septum from the

hyphal tip). It shows the near doubling of vacuole (V)

diameter within 30 s. Arrowheads point to the

septum. Scale bar represents 10 mm.
Thus, microtubules indeed contribute to entrainment of asym-

metric flow. Interestingly, flow asymmetry and upstream

vortices are not abolished by microtubule depolymerization,

suggesting that additional factors contribute to the patterning

of non-Newtonian flow.

Streaming Causes Mechanical Stress to the Septum
Septa engaged in vigorous streaming undergo periodic deflec-

tions and bend forward in the direction of flow to become con-

cavo-convex (Figure 3E andMovie S4). Most of the observed de-

flections correlate with the occurrence of nuclei passing through

the pore (Figure 3F and Movie S5). We mathematically modeled

the magnitude of the pressure difference caused by transient

pore plugging using the measured maximum deflection and

values for cell wall elasticity obtained by atomic force micro-

scopy (Zhao et al., 2005). Using Kirchhoff-Love plate theory,

we estimate a deflection-associated pressure difference of

approximately 2 bar (see Experimental Procedures). This corre-

lates well with the documented hyphal hydrostatic pressure of

about 4-5 bar (Lew et al., 2004). These observations indicate

that pressure-driven flow imparts significant mechanical force

to the septum and pore.
412 Developmental Cell 34, 410–420, August 24, 2015 ª2015 Elsevie
Genetic Maintenance of the Flow-Stressed Septum
We previously used machine learning to identify a group of

intrinsically disordered septal pore associated (SPA) proteins

that localize to the septal pore (Lai et al., 2012). One of these,

SPA-19, was initially considered a false-positive based on its

localization to the nucleus. However, examination of its deletion

phenotype suggests an important role in the maintenance of

septa engaged in streaming. Young septal pores found at the

periphery of the colony have similar dimensions in wild-type

and the spa-19 deletion strain. However, as the mutant hypha

ages, the septum cell wall breaks down and pores become

aberrantly enlarged (Figure 4A). These pores are too large for

occlusion by Woronin bodies, which normally seal septal pores

when hyphal compartments are damaged (Jedd and Chua,

2000) and consequently, the mutant bleeds protoplasm in

sub-apical but not apical regions of the colony (Figures 4B

and 4C). Septum breakdown is observed in primary hyphae,

where streaming is extensive, but not in less active secondary

hyphae (Figure 4A), suggesting that it is triggered by flow. These

data suggest that spa-19 plays a key role in protecting the

septum from wear-and-tear associated with vigorous cyto-

plasmic streaming.
r Inc.
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Figure 3. Behavior of Flowing Microtubules

(A) The image shows a single frame from a movie

documenting the flow of microtubules. The arrow

indicates the direction of flow. This figure is related

to Movie S3.

(B) The orientation of microtubules is determined

for each frame of Movie S3. A microtubule that is

perpendicular to the long axis of the hypha has a

value of 90 degrees.

(C) Computational 2D simulation shows time-

averaged fluid flow in the presence of a cross-

bundle of microtubules. For clarity, microtubules

are not shown. Note the presence of upstream

eddies and asymmetric flow. Fluid streamlines are

included for visualization. Colormap indicates fluid

velocity in mm/s. See Experimental Procedures for

additional information.

(D) Flow asymmetry is significantly diminished by

microtubule depolymerization. The graph shows

the instantaneous mean velocity of nuclei (y axis)

as a function of distance from the septum (x axis).

The inset shows the appearance of cytoplasmic

microtubules (green) and nuclei (red) under the

indicated conditions. Scale bar represents 2 mm.

The flow profiles are derived from eight movies

each for nocodazole treated and untreated hy-

phae. Error bars indicate standard deviation. The

asterisk identifies positions where there is a sta-

tistically significant difference between the two

datasets (t test, p < 0.01). The red curve indicates

the profile expected for Newtonian viscous flow.

The gray box defines a region in close proximity to

the pore where particle tracking tends to fail due to

flow convergence and high velocity. The individual

flow profiles can be found in Figure S1.

(E) Flow-associated vibration of the septum. The

kymographs document cell wall vibration near the

septal pore (1)andat the lateral cellwall (2).Scalebar

represents 1 mm. This figure is related to Movie S4.

(F) Septum deflection is caused by passing nuclei.

Deflection of the septum (green) is associated with

the presence of nuclei in the pore (red). This is the

case for most (*) but not all of the observed de-

flections (**). Scale bar represents2mm.Thisfigure is

related to Movie S5. Please see Experimental Pro-

cedures for additional information.
SPA-19 displays significant homology to the budding yeast

Hos4 protein, which encodes a peripheral component of the

Class I Set3C/Hos2 histone deacetylase complex (HDAC) (Pij-

nappel et al., 2001). In yeast and filamentous fungi, this

HDAC is required for the induction of dynamically regulated

genes (Baidyaroy et al., 2001; Wang et al., 2002; Hnisz et al.,

2012). We examined the phenotype of the four Neurospora

HDACs (Smith et al., 2010) and found that only deletion of

the Neurospora hos2 ortholog, hda-2, results in similar subapi-

cal pore degeneration (Figure 4A). The hda-2mutant also grows

slowly (Figure 4A), suggesting that it participates in additional

functions. To determine whether the enzymatic activity of

HDA-2 is required for septal pore maintenance, we mutated

catalytic residues required for HDAC activity (Wang et al.,

2002), and found that this mutant phenocopies the deletion

strain (Figures 4B–4D). Thus, septal pore maintenance requires

the HDA-2 HDAC activity and is likely to be linked with regu-

lated gene expression.
Develop
Eddy-Trapped Nuclei Are Differentiated from Flowing
Nuclei
To further probe the relationship between HDA-2 and SPA-19,

we pulled down HDA-2 and identified associated proteins by

mass spectrometry (Figure 5A). Prominent associated proteins

include SPA-19, SNT-1, and SIF-2. HDA-2 homologs in budding

yeast (Pijnappel et al., 2001) and filamentous fungi (Ding et al.,

2010) interact with the same proteins, indicating that this com-

plex is highly conserved. We next tagged each of these proteins

at their endogenous loci with eGFP and found that all four are

localized to nuclei. Remarkably, nuclei found in eddies accumu-

late bright speckles of SPA-19 and associated factors as

compared to nuclei found outside of the eddy (Figure 5B). This

is observed in primary, but not secondary hyphae, suggesting

that it depends on flow. These differentiated nuclei appear to

occur in the region of cytoplasm that lies between the septum

cell cortex and eddy-trapped vacuoles (Figure 5C and Movie

S6). Thus, despite sharing a common cytoplasm, nuclei trapped
mental Cell 34, 410–420, August 24, 2015 ª2015 Elsevier Inc. 413
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Figure 4. Flow-Associated Degeneration of the

Septum in the spa-19 Mutant

(A) Septa in the indicated strains are reconstructed from

Z-stacks for primary (10) and secondary (20) hyphae. Scale
bar represents 2 mm.

(B) Protoplasmic bleeding. The indicated strains were

grown on solid medium containing the dye Phloxine B,

which stains protoplasmic scabs red. The hda-2 catalytic

dead mutant is denoted as hda-2*. The growth front is

indicated with a solid line and the midpoint used to define

apical and subapical regions of the colony is shownwith a

dotted line. Scale bar represents 1 cm.

(C) Bleeding is quantified in apical and sub-apical regions

of the colony as defined in (B). Note that the hex mutant

has lostWoronin body function throughout the colony and

thus produces scabs in both apical and subapical re-

gions. Error bars indicate SD.

(D) Western blotting confirms that HDA-2 and HDA-2* are

expressed at equal levels. Coomassie staining bands

(load) confirm equal loading.
within eddies can become differentiated from streaming nuclei

based on the accumulation of SPA-19 and associated proteins.

In some cases, eddy-trapped nuclei appear to be in close con-

tact with one another. Time-lapse movies show that nuclei arrive

at eddies from the flow and rapidly adhere to one another to pro-

duce multinucleate aggregates (Figures 5D and 5E and Movie

S7). Initially, the contact area between a newly arriving nucleus

and the nuclear aggregate is minimal. However, at a certain

moment, the zone of adhesion rapidly spreads and the nucleus

joins the aggregate (Figure 5E and Movie S7). These observa-

tions indicate that the eddy environment rapidly promotes an

alteration in the behavior of nuclei.

Microtubule Activity Is Associated with Nuclear
Differentiation
To investigate how microtubules influence nuclei, we simulta-

neously imaged both. These data show that flowing nuclei are

embedded in an extensive array of microtubules that emanate

from nuclear SPBs (Figures 6A and 6B; Movie S8). These micro-

tubules can alsomake contacts with the cell cortex, andmediate

the upstreammovement of cortex-associated nuclei (Figures 2D

and 6C). Nuclear aggregates also possess associated microtu-

bules. However, in comparison with flowing microtubules, these

are short and apparently restrained in their length by contact with

the cell cortex and eddy-trapped vacuoles (Figure 6B).

Eddy-trapped vacuoles appear to insulate eddy-trapped

nuclei from the flow. Evidence of this is observed in Movie S8

when an eddy-trapped vacuole is partly swept through the

pore. Soon thereafter, the eddy-trapped nuclear aggregate en-

gages flowing microtubules and is swept through the pore (Fig-

ure 6D). Nuclear aggregates can also move out of the eddy when

hyphae arrest growth. Under this condition they begin to pro-

duce dynamic microtubule-associated protrusions (Figures 6E
414 Developmental Cell 34, 410–420, August 24, 2015 ª2015 Elsevier Inc.
and 6F; Movie S9), which are not observed

with eddy-trapped nuclei. We also examined

the effects of nocodazole and found that depo-

lymerization of cytoplasmic microtubules can

result in the aberrant accumulation of nuclei in
tightly packed cortex-associated arrays on the upstream side

of the septum (Figure 6G). This further indicates that microtu-

bules favor retention of nuclei in flow and counteract their immo-

bilization within the eddy region. Together, these data suggest

that differential microtubule activity is a primary factor distin-

guishing the behavior of flowing and eddy-trapped nuclei.

Identification of SPA-19-Dependent Genes
Data presented thus far show that eddy-trapped nuclei accumu-

late HDA-2 and SPA-19, which are required for the maintenance

of septa engaged in vigorous streaming. We next asked how

these factors might contribute to the stability of the septum. In

yeast as well as filamentous fungi, HDA-2 orthologs are required

for the expression of dynamically regulated genes associated

with taxa-specific developmental and physiological programs

(Baidyaroy et al., 2001;Wang et al., 2002; Ding et al., 2010; Hnisz

et al., 2012). To investigate a potential role in gene expression,

we used RNA sequencing (RNA-seq) to compare spa-19mutant

and wild-type expression profiles. Of genes downregulated in

the spa-19 mutant by a 4-fold change or greater, 8 of 20 have

been shown to be cell wall associated in Neurospora or other

fungal systems and 17 possess signal sequences and/or trans-

membrane domains (Table S1). These data suggest that SPA-

19 acts at the level of gene expression, and possibly exerts its

effect by promoting the expression of genes encoding proteins

that act on the cell wall.

To verify misregulation at the level of protein, we selected a

group of SPA-19 regulated genes encoding known cell wall pro-

teins: ncw-7 (Maddi et al., 2009), pir-1 (Mrsa and Tanner, 1999;

Mrs�a et al., 1997), and phi-a (Schachtschabel et al., 2012).

qPCR confirmed RNA-seq data (Figure 7A), and homologous

recombination was used to produced epitope tagged proteins

encoded by endogenous loci. In cellular extracts, each of these
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(A) HDA-2 associated proteins are identified by immunoprecipitation of an HA-

tagged version of HDA-2 and mass spectrometry.

(B) SPA-19 and associated proteins accumulate in speckles in eddy-trapped

nuclei. The indicated genes were tagged at their endogenous loci and their

localization was determined by confocal microscopy. Signal intensity is coded

by the indicated color scale. Eddy-trapped vacuoles are labeled with V and the

direction of flow is indicated by the arrows. Scale bar represents 5 mm.

(C)Spatial relationshipbetweeneddy-trappednucleicontainingSPA-19speckles

and thevacuole (V). Individual frames fromazstackshownucleiwedgedbetween

theseptumandvacuole.Signal intensity iscodedby thesamescale shown inpart

B. Scale bar represents 10 mm. This figure is related to Movie S6.

(D) Formation of an eddy-trapped nuclear aggregate. The upper panels show

the beginning (0 s) and end (300 s) of the movie. The box indicates the region

magnified in the lower panels. Scale bar represents 10 mm.

(E) Frames corresponding to the indicated time points are show. Newly arriving

nuclei are outlined with a dotted green line and the growing aggregate is outlined

witha reddotted line.Time is indicated inseconds.Thisfigure is related toMovieS7.

Develop
proteins shifts to a lower molecular weight upon treatment with

the deglycosylating enzyme Endoglycosidase H (Endo H), and

this is consistent with their trafficking through the secretory

pathway (Figure 7B). When cell extracts are produced from hy-

phae grown on solid medium where streaming is extensive, all

three proteins are found at low levels in the spa-19 mutant as

compared with wild-type hyphae. In contrast, they are not misre-

gulated when hyphae are grown in liquid medium where stream-

ing is not observed (Figure 7C). Single and double deletion

mutants of these particular genes do not display septum degen-

eration (data not shown), suggesting that they execute overlap-

ping functions, or act in concert with other SPA-19 regulated

genes. Together, these data define a role for SPA-19 in the regu-

lation of gene expression and identify candidates for SPA-19

dependent effectors of septum reinforcement.

DISCUSSION

This paper identifies a cellular subcompartment that emerges

because of regimented cytoplasmic streaming. In the Neuros-

pora hypha, cytoplasm streams directionally from cell to cell to

produce regions of relatively stagnant cytoplasm that occur

where the septum meets the lateral cell wall (Figure 2). We find

that nuclei immobilized within these eddies differentiate from

flowing nuclei by aggregating (Figure 7), and accumulating

SPA-19 and other HDA-2 associated components (Figure 6).

Flowing nuclei are embedded within a microtubule network

and do not appear to come into close contact with one another.

By contrast, nuclei arriving in the eddy can form tight adhesions

to make multinucleate aggregates. These nuclei are not dy-

namic, but begin to producemicrotubule-associated protrusions

soon after exiting the eddy (Figures 6D and 6E). Inhibition of mi-

crotubules results in an aberrant accumulation of cortex-associ-

ated nuclei on the upstream side of the septum (Figure 6G), and

this further shows that cytoplasmic microtubules counteract

immobilization of nuclei on the upstream side of the septum.

Together, these observations conform to the idea that regional

variations in microtubule dynamics emerge because of flow,

and determine differences in nuclear behavior. Eddy-trapped

vacuoles can shield trapped nuclei from capture by streaming

microtubules (Figure 6C and Movie S8), and thereby further rein-

force the eddy niche.

Flow approaches the septum in a long converging path and

exits in a wider diverging path. This pattern does not conform

to that of a Newtonian fluid and is in part determined by the ten-

dency of microtubules to become extended and entrain flow ap-

proaching the pore (Figures 3A and 3B). This is supported by

computer simulation (Figure 3C), andmicrotubule depolymeriza-

tion, which significantly diminishes flow asymmetry (Figure 3D).

Interestingly, when dilute polymer solutions are subjected to

flow through an orifice, they produce an asymmetric flow pattern

and upstream vortices similar to those observed in the hypha.

(Lipscomb et al., 1988; Mongruel and Cloitre, 2003; Szabo

et al., 1997). This shows that hydrodynamic properties of flowing

polymers can indeed be sufficient to promote flow asymmetry

(Figure 3F). However, in the hypha, microtubule depolymeriza-

tion does not entirely abolish flow asymmetry (Figure 3D).

Thus, additional aspects of this system contribute to the

patterning of flow. Likely candidates include other cytoplasmic
mental Cell 34, 410–420, August 24, 2015 ª2015 Elsevier Inc. 415
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Figure 6. Relationship between Nuclei and

Microtubules

(A) Flowing nuclei are embedded within a micro-

tubule network (arrowheads). The merge of

microtubule (red) and nuclear (green) signals is

shown on the left and the bright field view (BF) is

shown on the right. The eddy-trapped nuclear

aggregate is marked with an asterisk and the

vacuole is labeled with V. Scale bar represents

5 mm. The direction of flow is indicated with the

arrow. This figure is related to Movie S8.

(B) Microtubules associated with eddy-trapped

nuclei are short. Isolated views of flowing (flow) and

eddy-trapped nuclei (eddy) are shown. Microtu-

bule (MT) and nuclear (nuclei) signals are separated

for clarity. The nuclear aggregate is marked with an

asterisk and the vacuole is labeled with a V. Scale

bar represents 5 mm.

(C) A cortex-associated nucleus moves against the

flow. Themicrotubules are green and the nucleus is

red. Time is indicated in seconds. Scale bar rep-

resents 2 mm.

(D) An eddy trapped nuclear aggregate (asterisk)

enters the flow. Frames extracted from Movie S8

show an eddy trapped vacuole and nuclear

aggregate being swept through the pore. The di-

rection of flow is indicated with the arrow. Time is

indicated in seconds. The vacuole is marked with a

V. Scale bar represents 5 mm.

(E) Nuclear aggregates that dissociate from the

eddy produce dynamic extensions. Three frames

labeled in seconds are shown. Scale bar

represents 2.5 mm. This figure is related to

Movie S9.

(F) Nuclear aggregates that dissociate from the

eddy make dynamic contacts with microtubules.

Microtubules are indicated with white arrows and

the nuclear aggregate is marked with an asterisk.

Time is indicated in seconds. Scale bar represents

5 mm.

(G) Microtubule depolymerization causes nuclei to

accumulate aberrantly on the upstream side of the

septum. The micrographs show hyphae grown in

the absence (upper) or presence of nocodazole (lower). Left: maximum projection of nuclei. The dotted line indicates the outline of the hypha and septum. The

solid white line defines the position of the orthogonal view shown on the right. The direction of flow is indicated with the arrow. Scale bar represents 5 mm.
polymers, complex interactions between organelles and the re-

striction on organelle flow imposed by the pore (Figure 3F).

Eddies form due to the constraint on flow imposed by the

septal pore. Flow-dependent subcompartments can be envi-

sioned in other cell types where regimented streaming occurs.

For example, in the plant phloem, long distance pressure-driven

flow occurs through perforate sieve plates that interconnect

sieve elements (Mullendore et al., 2010; Savage et al., 2013). In

other plant cells, a self-organizing actomyosin network produces

complex patterns of circulatory streaming (Woodhouse and

Goldstein, 2013). In this case, flowing microtubules are unlikely

to pattern subcompartments. Nevertheless, as in the hypha, po-

sitional information embodied in flow patterns could be exploited

to instruct cellular activities. We speculate that cytoplasmic con-

stituents are likely to vary in the degree to which they associate

with motors and their associated organelles. This variation com-

bined with differing tendencies to come to rest in regions where

flow is restricted may be sufficient to produce biochemically

distinct subcompartments.
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Vigorous cytoplasmic streaming imparts significant mechani-

cal force to the septum (Figures 3D and 3E), which breaks down

in the absence of SPA-19 and HDA-2 (Figure 4). In other fungi,

the orthologous HDAC is required for the induction of genes

associated with diverse developmental programs (Baidyaroy

et al., 2001; Ding et al., 2010; Hnisz et al., 2012; Wang et al.,

2002). The spa-19mutant fails to induce a group of genes specif-

ically under conditions that promote streaming. These are en-

riched for secreted cell wall proteins and because the septum

is known to be a site of secretion (Hayakawa et al., 2011), this

provides one plausible mechanism for active reinforcement of

the septum. However, the mechanism of septum reinforcement

is likely to be complex and more work will be required to under-

stand precisely howSPA-19 and HDA-2 protect the septum from

degeneration. In Aspergillus niger, neighboring hyphae can pre-

sent distinct gene expression profiles (de Bekker et al., 2011). As

with data presented here, this conformswith the idea that the ge-

netic identity of hyphal segments is not solely determined by age

and environment. We anticipate that continued investigation of
r Inc.
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Figure 7. A Group of Secreted Cell Wall Proteins Require spa-19 for

Appropriate Expression

(A) qPCR indicates that the indicated genes encoding secreted cell wall pro-

teins are not appropriately expressed in the spa-19 mutant background. This

figure is related to Table S1. Error bars indicate SD.

(B) Secreted cell wall proteins are glycosylated. Extracts were prepared from

strains expressing the indicated HA-epitope tagged proteins expressed from

their endogenous loci. Extracts were treated with (+) or without (�) Endo H and

analyzed by SDS-PAGE and western blotting.

(C) Tagged cell wall proteins in the indicated strains were grown on either solid

(upper) or liquid (lower) medium and whole cell extracts were analyzed by

SDS-PAGE and anti-HA western blotting. Coomassie blue stained bands

provide a loading control (load).
hyphal cytoplasmic streaming will reveal general mechanisms

that link physiological processes with the genetic reinforcement

of cellular identity.

EXPERIMENTAL PROCEDURES

Neurospora Strains and Methods

Neurospora strains were grown and maintained on synthetic Vogel’s N me-

dium (VN) and genetic crosses were carried out on synthetic crossing me-

dium (SC) as previously described (Davis and de Serres, 1970). Unless other-

wise indicated, Neurospora deletion strains (Colot et al., 2006) were obtained

from the Fungal Genetics Stock Center (http://www.fgsc.net). For depoly-

merization of microtubules, nocodazole (Sigma-Aldrich) was maintained at

10 mg/ml in DMSO and added to the growth medium at a final concentration
Develop
of 2.2 mM. Microtubules and nuclei were labeled by expressing b-tubulin-

GFP and histone H1-GFP fusion proteins, respectively (Freitag et al.,

2004). Peroxisomes were tagged with mCherry-PTS1 as previously

described (Liu et al., 2011). spa-19 (NCU00388), hda-2 (NCU02795), snt-1

(NCU10346), and sif-2 (NCU06838) were tagged with GFP at endogenous

loci by marker fusion tagging (MFT) (Lai et al., 2010). For 3X HA tagging of

pir-1 (NCU07569), ncw-7 (NCU08907), and phi-A (NCU00399), the tag was

introduced to the chromosomal locus using DNA fragments produced by

fusion PCR and homologous recombination. These fragments were designed

to create in-frame C-terminal fusions. For selection, the dominant marker hy-

gromycin phosphotransferase gene (hph) under control of the pTRPc pro-

moter was introduced downstream of the gene of interest, except in the

case of the phi-A where panB from Aspergillus nidulans was used (Ng

et al., 2009). To epitope tag hda-2, a genomic fragment encompassing

hda-2 was modified to encode a C-terminal 3X HA tag and cloned into the

plasmid pOKE104. The histone deacetylase dead version of HDA-2

(H240A, H241A) was also produced in this plasmid. These two constructs

were transformed into a Dhda-2, pan-2 mutant background and strains ex-

pressing similar levels of protein were identified by anti-HA western blotting.

Strains, plasmids, and oligonucleotides can be found in the Supplemental

Experimental Procedures.

For quantification of cytoplasmic bleeding, the indicated Neurospora strains

were grown in the dark on VN medium with 7.5 mg/ml phloxine B at 30�C for

2 days, photographed, and analyzed as described below. Growth rate mea-

surements were carried out in race tubes fashioned from plastic 25 ml pipettes

filled with VN medium. Growth was initiated from one end of the race tube us-

ing equal amounts of conidia and measurements were made once the

maximum growth rate was established. The average with standard deviation

is shown for three independent experiments.

RNA Sequencing

Neurospora strains were grown on solid VN medium in 90 mm diameter Petri

dishes in the dark at room temperature (25�C). The following day, approxi-

mately 5 mm 3 20 mm blocks of mycelium were cut with a scalpel from

approximately 5 mm behind the growth front and transferred to one end of

approximately 20-mm wide strips of solid VN medium running down the mid-

dle of 90 mm diameter Petri dishes. To minimize the induction of asexual

spores, which is stimulated by light, this manipulation was done in the dark

and under a photographic red safelight. These strips were grown in the dark

at room temperature overnight. The next day a 15-mm wide block of agar en-

compassing the growth front was excised with a scalpel and submerged

immediately into liquid nitrogen. The agar blocks were ground in liquid nitrogen

using a mortar and pestle to produce a fine powder that was stored at�80�C.
RNA was extracted from approximately 150 ml of packed powder using the

RNeasy Plant Mini kit (QIAGEN).

RNA-seq was carried using Illumina HiSeq 2000 at the Huntsman Cancer

Institute, University of Utah. RNA-seq FASTQ sequence files were processed

with sickle (https://github.com/najoshi/sickle) to filter and trim reads for low

quality (trimming bases with Phred score <20) and requiring minimum length

of 30 base pair reads. Only read pairs where both pairs met the quality and

length threshold were carried forward. Overall quality of the sequencing reads

were evaluated with FastQC (http://www.bioinformatics.babraham.ac.uk/

projects/fastqc/) and found to be within acceptable scores. The trimmed

RNA-seq reads were aligned to the genome with tophat (2.0.2) using the

parameter b2-sensitive and using bowtie2. The Neurospora crassa v10

genome assembly (Nc10) and annotation (http://broadinstitute.org) was

used. Expression values per gene were computed with cufflinks using Nc10

annotation and comparisons for significant differences in expression evalu-

ated with cuffdiff (Trapnell et al., 2012).

qRT-PCR

RNA was extracted from the same material used for RNA-seq using the

Arcturus PicoPure RNA Isolation Kit (Applied Biosystems) according to manu-

facturer instructions. Purified RNA was treated with DNase using the Ambion

DNA-freeTM Kit (Life Technologies). The GoScriptTM Reverse Transcription

System (Promega) was used to prepare cDNA. qRT-PCR was carried out on

an ABI 7900HT Fast Real-Time PCR System, using the GoTaq qPCR Master

Mix (Promega) and the results were normalized to actin.
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HDA-2-3X HA Pull-Down

To prepare the hyphal extract, a frozen powder of ground mycelium was pre-

pared as previously described (Chen et al., 2014). Ten milliliters of IP buffer

(20 mMHEPES [pH 7.5], 350mMNaCl, 10% glycerol, 0.1% Tween20 [vol/vol],

1 mM PMSF, complete mini EDTA-free protease inhibitor [Roche]) was added

to an equal volume of frozen mycelial powder, which was then thawed on ice

for 10 min with periodic vortexing. The mixture was centrifuged at 500 3 g

through a 40 mm cell strainer (BD Biosciences) for 5 min. The supernatant

was then centrifuged at 16,0003 g for 30min. This supernatant was then incu-

bated at 4�C for 1 hr with anti-HA antibody (Roche) coupled Dynabeads

(Invitrogen). The beads were subsequently washed according to the manufac-

turer’s instructions and eluted with HPH-EB (0.5 mM NH4OH, 0.5 mM EDTA)

and dried overnight in a SpeedVac (Eppendorf). The pull-down was analyzed

by SDS-PAGE and mass spectrometry was used to identify the indicated

bands.

EndoH Treatment

HA-tagged Neurospora strains were grown on either liquid or solid VNmedium

and mycelial powder was prepared as described above. The powder was re-

suspended in a 5-volume equivalent of 23 SDS-PAGE loading buffer, boiled

for 5 min, and centrifuged for 1 min at 16,000 3 g. Ten microliters of superna-

tant was digested with EndoH (New England BioLabs) at 37�C for 1 hr. The

samples were boiled for 10 min, followed by centrifugation for 1 min at

16,000 3 g. Equivalent amounts of EndoH treated and untreated samples

was then subjected to SDS-PAGE and anti-HA western blotting using a horse-

radish peroxidase (HRP)-conjugated rat monoclonal anti-HA antibody (Roche)

at 1:2,500 dilution.

Microscopy and Image Analysis

For movies of streaming through primary hyphae, conidia were inoculated at

the periphery of 90 mm Petri dishes containing solid VN medium. These

were grown overnight in the dark at 25�C to 30�C and imaging was initiated

when the colony had grown a little over halfway across the plate. An approx-

imately 15 mm3 30 mm block of agar was excised from the colony to include

several mm of medium in front of the apical hyphae (hyphae are parallel to the

long axis of this block). This block was transferred to a microscope slide and

gently overlaid with a coverslip. This procedure results in a transient grow ar-

rest. After 20 to 30 min hyphae approximately 5 to 10 mm behind the growth

front were selected for imaging based on their degree of streaming. In Fig-

ure 4A, the cell wall was labeled with calcofluor white (Sigma-Aldrich) at a con-

centration of 1 mg/ml. In Figures 6A, 6B, 6D, and 6F, nuclei were labeled with

Hoechst 33258 (Sigma-Aldrich) at a concentration of 10 mg/ml.

High-speed imaging (Figures 3A, 3E, 5D, 5E, 6C, and 6F) was done using a

Microlambda spinning disk (Nikon Ti-E microscope, Hamamatsu Orca-Flash 4

camera) controlled by Metamorph software (Molecular Devices). A Leica SP8

microscope was used for z stacks and when two color imaging was required.

The movie shown in Figure 1 was obtained using a Nikon SMZ1500 stereomi-

croscope equipped with a Coolsnap HQ camera (Photometrics) controlled by

Metamorph software. Image editing and quantification was done using ImageJ

(NIH). Growth measurement in Figures 1A and 1B was done using themTrackJ

plugin in ImageJ. For peroxisome and nuclei tracking in Figure 2, movies were

analyzed using the particle-tracking module of Imaris software (BitPlane).

Scatterplot showing position and velocity were built in Excel (Microsoft).

Kymographs in Figure 3 were produced using MultipleKymograph plugin in

ImageJ. Quantification of protoplasmic bleeding shown in Figure 4C was

done after applying a threshold based on phloxine B staining using the particle

analysis function in ImageJ. Microtubule angle measurements in Figure 6B

were done manually in imageJ.

To quantify nuclear velocity in Figure 3D, rawmovies were rotated in ImageJ

to make flow parallel to the x axis. Noise was reduced using the ‘‘Remove Out-

liners’’ ImageJ filter. Instantaneous nuclear velocity and position was

measured using the Imaris software tracking module (autoregressive motion

algorithm) and exported to Excel using the Imaris Vantage module. Nuclei

with a velocity below 3 mm/s were considered non-flowing and excluded

from analysis. To calculate average velocity profiles, eight hyphae for each no-

codazole treated and untreated hyphae displaying similar flow rates were

analyzed. Average velocity profiles were obtained by dividing each hypha

into 20 equal sections along the x axis (3.45 mm slices) and averaging all veloc-
418 Developmental Cell 34, 410–420, August 24, 2015 ª2015 Elsevie
ity measurements for each section. Individual profiles were then combined to

obtain a single velocity profile per condition. The measurement of skewness

associated with these profiles is described in the following section.

Modeling Cytoplasmic Streaming

Consider the flow of a Newtonian fluid through a hyphal branch modeled as an

axisymmetric cylinder, partitioned by a flat cross wall with a septal pore at its

center. Because the Reynolds number is vanishingly small (Lew, 2005), the

flow is viscous and Stokes equations apply. For a wall with finite thickness,

the Hagen-Poiseuille contribution should be included, so that

Qs =

�
3+

8hs

pRs

��1
R3

sDp

m
; (S1)

where Qs is the pore volumetric flow rate, Rs is the pore radius, hs is the septal

thickness, Dp is the applied pressure difference, and m is the cytoplasmic vis-

cosity. The centerline flow velocity within the pore is simply

Us =
2Qs

pR2
s

: (S2)

Neglecting osmotic fluid exchange with the external environment, the pore

flow rate Qs and the hyphal flow rate Qh are equal. Accordingly, the pore

size could be deduced through the flow velocity measurements via the

following relationship:

�
Rs

Rh

�2

=
Uh

Us

; (S3)

whereRh andUh are the radius and centerline flow velocity of the hypha branch

respectively. We show the flow behavior of a Newtonian fluid through a model

hypha using a numerical simulation. Figure 2C shows the flow profile through a

model hyphal radius Rh = 8 mm, septal pore radius Rs = 0.2 mm and septal wall

thickness hs = 0.4 mm, with a pressure gradient imposed so that the centerline

velocity at the inlet is Us,inlet z 20 mm/s. For clarity, the maximum velocity

magnitude shown in the colormap is limited to 350 mm/s.

To quantify the asymmetry of nuclear flow (Figure 3D), we used skewness.

This is a statistical measure for characterizing the degree of asymmetry of a

distribution. Because the recorded data are evenly distributed over a defined

interval, we used the following formula to obtain this value,

Skewness =
N

ðN� 1ÞðN� 2Þ
X�

X � X

S

�3

; (S4)

where N is the number of data points, X is the value of a data point, X is the

mean and S is the standard deviation.

Modeling Cytoplasmic Streaming in the Presence of Microtubules

To investigate the possibility that the observed asymmetry in cytoplasmic flow

is patterned by streaming microtubules, we simulated a Newtonian fluid flow-

ing through a 2Dmodel septum, the flow interacting with a cross-bundle of mi-

crotubules (length = 7.5 mm). For modeling, we used the immersed boundary

method (Peskin, 2002), which is frequently employed in simulating hydrody-

namic interactions of flexible filaments (Huang et al., 2007), such as cilia (Dillon

et al., 2007) and DNA (Zhang et al., 2012). Here, the bending stiffness of the

microtubule used in the model is�53 1024 N/m2 (Yang et al., 2008) and com-

pares well with physical ranges �1–10 3 1024 N/m2 (Ghavanloo et al., 2010).

Figure 3C shows the time-averaged pattern of flow produced by such a

computational 2D simulation.

Calculation of Pressure Difference Associated with Septum

Vibration

Due to its relatively small size, the septal pore is intermittently plugged by

nuclei and other larger streaming cytoplasmic content, causing a transient

buildup of pressure across the septum (Figures 3D and 3E). The pressure dif-

ference is balanced by the bending stress created by a spontaneous deflection

of the septum described by the Kirchhoff-Love plate theory. Using clamped

boundary conditions, the displacement of the septum is estimated as,

w � R4
dDp

64D
; (S5)
r Inc.



where Dp is the increased pressure difference and Rd is the deformable radius

of the septum. The material constant is given by D= 2h3sE=3ð1� n2Þ, where hs
is the septal wall thickness, E is the Young modulus and n is the Poisson ratio.

Based on the following physical estimates: hs � 0.4 mm, Rd � 6 mm, w �
0.75 mm (by experimental inspection Figure 3D), E � 110 Mpa (based on

mean experimental measurements by (Zhao et al., 2005) and n � 0.5 (for an

incompressible material), we estimate the pressure difference across the

septum as approximately 2.3 bar. This value compares well and is within the

hydrostatic pressure of the hypha of approximately 4–5 bar (Lew et al., 2004).
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