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Abstract

Beginning with Turing’s seminal work [1], decades of research have demonstrated the 

fundamental ability of biochemical networks to generate and sustain the formation of patterns. 

However, it is increasingly appreciated that biochemical networks both shape and are shaped by 

physical and mechanical processes [2, 3, 4]. One such process is fluid flow. In many respects, the 

cytoplasm, membrane and actin cortex all function as fluids, and as they flow, they drive bulk 

transport of molecules throughout the cell. By coupling biochemical activity to long range 

molecular transport, flows can shape the distributions of molecules in space. Here we review the 

various types of flows that exist in cells, with the aim of highlighting recent advances in our 

understanding of how flows are generated and how they contribute to intracellular patterning 

processes, such as the establishment of cell polarity.
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1 Introduction

Cells utilize numerous mechanisms of intracellular transport to drive their spatial 

organization. Common classes include motor-driven transport along cytoskeletal tracks [5] 

and diffusion-driven processes in which concentration gradients drive net material flux [6], 

both of which are implicated in the process of intracellular patterning. Spatially regulated 

changes in diffusion, for example due to localized membrane binding or phase separation, 

can drive net diffusive flux and local accumulation [7, 8]. Similarly, spatial bias in the 

polarity of cytoskeletal tracks or of the rates of motor binding and unbinding can drive 

directed cargo transport [7, 9].

Here we focus on a class of transport mechanisms defined by advection - the transport of 

molecules or organelles by bulk flows - and consider their role in intracellular patterning and 

cell polarity. Analogous to the trans port of cargo by ships traveling through the ocean versus 
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objects carried by ocean currents, motor-based transport along cytoskeletal tracks moves 

cargo through a medium, e.g. the cytoplasm, while in advection molecules are transported 

through the cell by the motion of the medium itself. In this review, we will consider the 

various types of flows observed in cells and the mechanisms by which they are generated, 

followed by an exploration of how molecules tap into these flows and consequently how 

cells can utilize advection to drive spatial organization, with an emphasis on symmetry-

breaking and cell polarity.

2 How do cells generate intracellular flows?

Treadmilling is a central feature of both microtubules and actin filaments. Both grow by 

subunit addition, and due to their polar nature, this growth occurs preferentially at one end, 

balanced by disassembly at the other [9]. If a filament is elongating against a barrier, 

addition at the growing end results in a rearward flux of subunits [10]. This simple conveyor-

belt like motion allows transport of molecules associated with the rearward-moving subunits 

and has been implicated in transport of signaling receptors within filopodia [11], 

intracellular virus particle trafficking [12, 13] and organelle partitioning [14] (Figure 1A).

In most cells, however, cytoskeletal flows do not rely on the treadmilling of isolated 

filaments, but on long range flows of cytoskeletal networks. The C. elegans zygote, for 

example, exhibits flows of a highly-crosslinked, membrane-associated, contractile 

actomyosin network [15] (Figure 1B). Cortical flows promote symmetry-breaking along the 

anterior-posterior axis through the advection of polarity components [16] and are powered 

by a contractile asymmetry resulting from the polarized distribution and activity of non-

muscle myosin (NMY-2) [17, 18]. Local network contraction both pulls actin networks 

along the membrane towards the anterior while simultaneously accelerating local 

disassembly and turnover via increased local network stress, resulting in long range flow of 

material toward the anterior [17, 19, 20]. Similar cortical actin flows are prominent during 

cell division, where they are directed towards the ingressing cytokinetic furrow, promoting 

local alignment of actin filaments and flux of actomyosin material into the cleavage furrow 

to aid cytokinetic ring constriction [21, 22, 23] as well as within the lamellipodia of 

migrating cells, where it is referred to as ‘retrograde flow’ [24]. In certain cases of amoeboid 

cell migration, the entire cortex appears to flow rearwards [25, 26, 27].

Membranes are also thought to be capable of undergoing flow, with tension gradients 

inducing flows of membrane lipids. Lipid flow can be induced by artificially applied tension, 

e.g. via micropipette [28], and is fueled by processes such as membrane protrusion or 

spatially separated zones of exo- and endocytosis in cells [29, 30, 31]. Long-range lipid 

flows have been proposed to under lie cell migration via a conveyor-belt like process [29] 

(Figure 1C). Although there is evidence for flows of membrane components in some 

contexts [32] and disruption of trafficking impedes motility in several systems [33, 34], the 

notion of such a ‘fluid drive’ is controversial [35, 36]. Lipid flow has also been proposed to 

account for long-range communication of mechanical cues across the length of the cell 

through propagation of membrane tension [30, 31]. However, recent measurements revealed 

that tension fails to propagate over distances greater than 5 μm[37], suggesting that the 

situation in cells is more complex, most likely due to the large numbers of transmembrane 
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proteins that are immobilized through connections to the underlying actin cortex or external 

matrix which would hinder lipid flow [38, 39].

Finally, any discussion of intracellular flows would be remiss not to include cytoplasmic 

flows, also known as cytoplasmic streaming or cyclosis. Cytoplasmic flows often originate 

from cytoskeletal activity at the cell cortex, including motor-dependent transport of vesicles/

organelles along cytoskeletal tracks [40] or from cortical actin flow [41] that entrain the 

motion of the surrounding cytoplasm. Flows can also arise from pressure gradients driven by 

applied stress, for example actomyosin contraction, cell shape deformation, or osmotic 

gradients [42, 41]. Because the cell is generally considered a closed volume, cytoplasmic 

flows typically lead to mixing much like stirring a pot. Advective mixing is likely to be 

critical in large cells, where random diffusion is insufficient to allow nutrients, proteins, and 

other factors to mix throughout the cell interior [43]. For example a 30 kDa monomeric 

protein that diffuses across the length of E. coli in 10 ms, would take approximately 5 hours 

to traverse the 1 mm Xenopus egg [44]. Although cytoplasmic flows are directly implicated 

in cell polarity and symmetry-breaking in several contexts (see A role for flows in polarity), 

on their own they tend to reduce rather than enhance molecular asymmetries in the cell.

3 What exactly is flowing?

Having established that cells generate flows, how do cells use flows to drive intracellular 

transport and the local concentration of molecules in space? To understand this, we must 

first consider what exactly is flowing.

For a flowing actin cortex, it is clear that the movement of components physically connected 

to actin filaments or directly incorporated into the actin network will be moved with the 

same velocity as the cortex. But what about molecules not directly bound to the actin 

network? Some structures, such as microtubules, intermediate filaments, and organelles, are 

entangled by the actin meshwork and efficiently transported by retrograde actin flows [45]. 

It also seems likely that the 10-20% of membrane embedded proteins that are physically 

linked to the actin cortex will move through the membrane like a rake, potentially entraining 

the motion of the surrounding membrane components, while also limiting the ability of 

lipids to flow independently from the underlying cortex [46, 28, 41]. Thus, in an intact cell, 

the membrane and actin cortex are perhaps best treated as a form of composite, 

hydrodynamically-coupled material rather than as isolated, independently behaving 

structures [37, 47] (Figure 2A).

The cortex is also permeated by cytosol. Beyond length scales of a micron and for 

timescales typical of cortical flow, the cytoplasm can be considered viscous. Thus, shear 

stresses produced by motion of a membrane-associated cytoskeletal-motor network will tend 

to entrain the motion of the surrounding cytoplasm and objects embedded within it, 

transducing force produced at the cortex deep into the cell interior. Such hydrodynamic 

models capture the patterns of flows observed in meiotic and mitotic one-cell stage C. 
elegans embryos [48, 49, 50], Drosophila oocytes [51, 52] and plant cells [53], explaining 

how flow drives long-range transport of cytoplasmic structures. Theory suggests that the 

membrane bilayer can sustain applied shear force [54], so in principle, cytoplasmic flow 
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could also induce flow in the overlying membrane. Consistent with this theoretical 

framework, the application of shear flows to the surface of artificial membranes induces 

lipid flow in the plane of the bilayer [55, 56], though the situation in intact cells is likely 

more complicated [41]. The potential for hydrodynamic coupling is perhaps best 

exemplified by Characean algae. Here the cytoplasm, the vacuolar membrane and the 

vacuole interior appear to be hydrodynamically coupled and are all set in motion by myosin 

motors moving along cortical actin bundles, yielding rapid long-range internal fluid flows 

critical for the transport of metabolites in these extremely large cells [57, 58, 59] (Figure 

2B).

At the same time, in the complexity of the cellular environment, it is clear that not 

everything goes with the flow. Beads non-specifically attached to the surface of migrating 

cells can exhibit mixed behavior with some moving with retrograde flow and others showing 

unbiased diffusive motion, thus arguing for differential sensitivity to flows [60]. Moreover, 

attempts to assess this question with fluorescent labeled lipids in a number of systems have 

failed to reveal flow of membrane lipids despite rapid flow of the underlying cortex [35, 36]. 

In the next section we explore some of this complexity by examining the features of 

molecules that allow them to tap into flows to achieve polarized distributions.

4 Tapping into flows to generate molecular asymmetries

Net transport of molecules in the cell depends not only on the pattern of flows, but also on 

the relative contributions of directional transport versus diffusive or random motion. This 

ratio of advective vs. diffusion-like motion can be captured by the dimensionless Péclet 

number defined as Pe = Lu/D, where L is the typical length scale, u is the velocity, and D is 

the effective diffusion coefficient. Over long distances (large L) or for slowly diffusing 

species such as organelles or large macromolecular assemblies (small D), flows dominate 

(Pe ≫ 1). By contrast over sufficiently short distances or for rapidly diffusing small 

molecules, the effects of flow may be negligible (Pe ≪ 1) (Figure 3A). Given a range of 

values typical for intracellular motor-dependent transport and protein diffusion (L = 1-10 

μm, u = 0.1-1 μm/s, D = 0.01-10 μm2/s), one obtains estimates of Pe spanning 10−2 to 103. 

Thus, cells occupy a potential sweet spot for interplay between advective and diffusive 

transport allowing them to tune the ability of molecules to be transported by flows by 

shifting the relevant parameters, but also necessitating a case-by-case evaluation of the 

Péclet number.

One common way to shift the mobility characteristics of a molecule is through clustering. 

First noted in the context of immunoglobulin crosslinking in lymphocytes, clustering of cell 

surface molecules can give rise to a process termed cell capping in which cross-linked 

islands of surface molecules flow towards and accumulate at the cell rear [61, 62, 63]. 

However, the precise mechanisms underlying rearward flow can differ and remain unclear in 

some systems due to the multifaceted nature of clustering. While reduced diffusion and 

increased avidity for the membrane or cytoskeletal structures would be expected to favor 

advection (e.g. higher Pe), other effects are less predictable, including cluster-dependent 

changes in internalization, conformation or recruitment of modifier proteins.

Illukkumbura et al. Page 4

Curr Opin Cell Biol. Author manuscript; available in PMC 2020 November 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Ligand-dependent clustering of cell surface receptors, for example of both integrins and 

EGR receptors, is thought to promote receptor activation and their ability to bind to actin 

and be transported by actin flows [64, 11]. Clustering also tends to reduce the diffusion of 

molecules in the membrane, typically more than might be expected from theoretical 

predictions based on size. For example, measurement of E-cadherin diffusion reveals 10- to 

40-fold decrease in diffusion upon oligomerization [65]. In vivo and in vitro data also 

support a role for membrane-associated actin in local membrane compart mentalization [66, 

67, 68, 69, 70], which would both reduce diffusion, but also promote flow-dependent 

transport of molecules trapped within cytoskeletal compartments [71].

The affinity with which molecules associate with moving material is also critical. This 

principle is nicely illustrated by the observation that different actin binding probes acquire 

varying distributions in the context of an identical polarized actin flow, with higher affinity 

probes acquiring steeper, more polarized concentration profiles [72, 73]. This difference 

arises because although all probes switch between a bound state and a freely diffusive state, 

the difference in affinity changes the relative amount of time spent in the two states. Hence 

higher affinity probes will be advected further during each binding event (increased L) while 

reducing the time available to diffuse (i.e. reduced effective D), both of which should 

increase Pe. The effect of this shift in the relative contributions of advection and diffusion 

for differing binding times is shown in Figure 3B. In this context, avidity effects of 

clustering come into play. Whereas an isolated molecule may only briefly associate with a 

flowing material, the combination of multiple such molecules into a single large assembly 

can dramatically increase the effective lifetime of the bound state.

The dynamic association of clusters of membrane-associated proteins with variable affinities 

for the actin cortex can give rise to an effective friction, al lowing force transduction from 

the cortex to membrane-associated molecules and the extracellular environment. At both the 

immunological synapse and within focal adhesions, affinity differentials of protein 

complexes yield distinct coupling strengths between molecules and the underlying cortex 

[74, 75, 76]. At the immunological synapse of T cells, receptor-crosslinking induces 

clustering and concentration of receptors at the center of synapse through centripetal flows 

[75, 76]. Normally, large clusters are concentrated tightly at the center, with less clustered 

receptors surrounding the central core. Artificially enhancing clustering of less clustered 

receptors allowed them to reach the center, consistent with avidity to the cortex enhancing 

‘frictional coupling’ and thereby transport by actin flows. In several systems, molecules 

undergo phase separation into macroscopic biomolecular condensates, which similarly 

enables collective transport of otherwise low affinity cortex-binding proteins [77, 78]. Thus, 

by tuning the biophysical properties of molecules, cells have a rich array of tools to control 

advective transport.

5 A role for flows in cell polarity

Intracellular flows have been documented for well over two centuries [79], and are 

associated with cell movement [80] and an array of long-range trans port processes [43]. 

Over the past decade or so, we have come to appreciate the additional role of intracellular 

flows in orchestrating spatial patterns within the interior of cells. Although the precise role 
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of flows is not always clear, there are now numerous examples of cellular asymmetry 

associated with intracellular flows.

5.1 Flows drive active mixing to enable spatial patterning processes

Some aspects of cortical flows hinge not on their ability to drive net transport on their own, 

but to enable molecules or intracellular structures to explore the cell. Diffusion and capture 

processes are common mechanisms for spatially localizing effectors by upstream processes. 

However, while this works well for small, mobile proteins in relatively small cells (< 10 

μm), diffusion becomes limiting in large cells (large L) or for larger structures, such as 

vesicles or organelles (low D). To get around these limitations, cells use active transport to 

drive mixing throughout the cell interior [81, 82, 83, 50].

In Drosophila melanogaster, a key step in patterning is the localization of specific mRNAs to 

the anterior and posterior of the oocyte. Evidence supports microtubule-dependent trapping 

of bicoid mRNA at the anterior [84], and actin/myosin V-dependent trapping of oskar 
mRNA and nanos mRNA at the posterior [85, 86]. While the contribution of biased 

microtubule transport (oskar) and simple diffusion (nanos) can support some level of 

polarity, unbiased but active transport is required to achieve wild-type levels of polarized 

localization. For posterior mRNAs, microtubule-dependent cytoplasmic streaming facilitates 

encounters of mRNA with the posterior actin trap [87, 86] (Figure 4A).

This mixing effect can also enable or speed up more complex patterning processes, such as 

pattern formation by reaction-diffusion, which may also be limited by diffusion in large 

cells. For example, predicted timescales for the establishment of a stable Bicoid gradient in 

the Drosophila embryo by diffusion alone have been argued to be too slow, but this timescale 

is accelerated if the effects of cytoplasmic streaming are included [88]. Thus, active mixing 

may be a general mechanism for facilitating patterning processes in the cell.

5.2 Compartmentalization of cells by flow geometry

Asymmetries can also emerge from the interplay of flow geometry and cell shape. One 

example comes from filamentous fungi. Here, cytoplasmic streaming is mediated by an 

osmotic pressure gradient which generally drives expansion of the fungal hyphal tip [42]. In 

Neurospora, hyphae are compartmentalized by septa with a central pore, leading to 

acceleration of the flowing cytoplasm as it passes through. Unexpectedly, microfluidic 

eddies form in the corners just upstream of the pore. These eddies effectively create a 

subcellular compartment in which nuclei become trapped, leading to asymmetric nuclear 

differentiation in individual compartments [89] (Figure 4B).

In animal cells, the actin cortex can generate fountain-head flows of cytoplasm, which are 

also implicated in asymmetric nuclear positioning. In mammalian oocytes, flows contribute 

to asymmetric positioning of the mammalian meiotic spindle to facilitate meiotic division 

[90, 91], while in C. elegans, flows drive close apposition of the male pronucleus and its 

associated centrosomes with the cortex at one end of the ellipsoid zygote to promote 

polarization [92, 93, 94].
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5.3 Regulated clustering enables symmetry-breaking by flows

The C. elegans zygote exemplifies flow-induced symmetry breaking. As noted earlier, 

cortical flows are stimulated along the nascent anterior-posterior axis, driven by a 

centrosome-induced local reduction in actomyosin contractility [95, 17, 96]. These flows 

polarize the embryo through their ability to drive anterior-directed transport of components 

of a polarity network known as PAR proteins [15]. Biophysical measurements combined 

with theory suggest that the diffusion and membrane exchange kinetics of PAR proteins are 

consistent with advective transport by cortical flow [16, 18]. More recently, transport of the 

aPAR proteins was found to rely on cell-cycle dependent clustering of the aPAR protein 

PAR-3, suggesting its molecular behavior is tuned to facilitate trans port [97, 98, 99]. Single 

particle tracking is consistent with a clustering-dependent increase in the effective Péclet 

number through decreasing diffusion and increasing membrane-residency times [98] (Figure 

4C).

Similar cortical flows have been implicated in defining polarity domains in Drosophila 
neuroblasts [100, 101] and epithelial cells [102]. Combined with the ability of polarity 

determinants to form clusters or segregate within phase-separated condensates in diverse 

systems [103, 104, 105], regulated assembly of higher order structures is emerging as a 

generic mechanism for asymmetric segregation of specific molecules by polarizing flows.

5.4 Feedback between actin flow and molecular asymmetry at the leading edge

In migrating cells, the role of flows is typically discussed in the context of force generation 

required for cell motility. In this context, polarity is usually considered to be a cause rather 

than consequence of cell migration [106]. Thus, there has been extensive focus placed on the 

ability of biochemical networks to drive intracellular patterning. However, mechanical and 

physical processes are increasingly seen as key contributors, if not equal players in the self-

assembly of polarized actin networks in migrating cells [2, 107]. The ability of flows to 

transport molecules inside the cell means that the very process of generating flows involved 

in cell motility will necessarily alter the distribution the molecules that guide and enable 

motility in the first place (Figure 4D). One such molecule is myosin itself, best explored in 

the context of migration of fish keratinocytes. Keratinocytes are remarkable for their ability 

to undergo self-organization of their cytoskeleton. Even cell fragments can be induced to 

polarize and migrate through the application of simple mechanical perturbations [108]. In 

these cells (and many others), myosin asymmetry simultaneously underlies and is enhanced 

by long-range actin cortical flows [109]. The resulting flow-contractility positive feedback 

circuit has been shown to be sufficient for polarization and migration of cells in both 

theoretical and experimental models [107, 26]. Because flows would be expected to 

transport any number of molecules that may regulate polarity and actin flow, the flow-

polarity feedback paradigm is likely to be common, a view supported by the observation of a 

universal relationship between migration speed and cell persistence [72].

It is important, however, to note that not all molecules will be polarized by this mechanism. 

Some molecules may not undergo rearward transport due to their diffusivity, rapid exchange 

kinetics, or an inability to couple to flows. However, for molecules that are transported by 

retrograde flows, the steady-state density of molecules across the cell will depend critically 
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not only on the balance of advection and diffusion within the membrane, but also trafficking 

to and from the plasma membrane (Figure 4D). Rapid recycling will tend to favor 

enrichment at the leading in the face of flows, as in the case of p120, which following 

rearward flow is actively endocytosed and trafficked back to the leading edge to facilitate 

junction formation during collective cell migration [110]. At the same time, accumulation at 

the cell rear will tend to require slower turnover rates allows for flow to build up the required 

concentration gradients. Intriguingly, such slow turnover kinetics have been argued to 

constitute a directional memory: because any accumulated asymmetry of molecules with 

low turnover will decay slowly with time, cells will retain a memory of prior inputs in the 

face of time-varying flow, therefore buffering against rapid variation in input signal [111].

Outlook—Recent technological advances have enabled dramatic improvement in our 

ability to visualize, measure and control flows in cells. FRAP (Fluorescence Recovery After 

Photobleaching), single molecule tracking, FCS (Fluorescence correlation spectroscopy), 

and image-based flow analysis and visualization tools are revealing increasing detail of the 

mobility of molecules in their native context [112]. Optogenetics and photo-switchable 

reagents provide a method for manipulating the pathways that generate flows [72, 33, 113], 

while laser-induced thermoviscous fluid flows open the door to manipulating flows 

independently of a cell’s regulatory or cytoskeletal networks [114]. Finally optical, 

magnetic, and hydrodynamic traps provide an avenue for measuring forces, trapping 

molecules and/or objects and manipulating their motion [115]. At the same time, synthetic 

biology approaches using artificial mem branes provide defined minimal systems to explore 

how the molecular characteristics and membrane architecture affect advective and diffusive 

transport, while advanced microfabrication technologies allow fine scale manipulation of the 

membrane surface [116, 117, 118]. We are still ways off from unifying observations drawn 

from theory and synthetic systems with the complexity of intact cells, but armed with a new 

generation of tools, the gaps in understanding how cellular flows drive spatial patterning of 

cells are closing fast.
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Figure 1. 
Types of flows (a) Treadmilling driven transport. During Pseudomonas phage infection, 

tubulin-like filaments (PhuZ, orange) play important roles in centering a nucleus-like 

structure containing phage DNA, trans port of viral capsids, and their distribution around the 

nuclear surface. PhuZ polymerization at the cells poles drives treadmilling and flux of 

subunits, which carry the attached viral capsids (blue) to the cell center. Treadmilling of 

PhuZ filaments also drives rotation of the phage nucleus (dark blue) to distribute arriving 

capsids around its surface. (b) Long range cortical flow. In the C. elegans zygote, cortical 

actomyosin flow is induced by anisotropy of network contractility. This anisotropy is caused 

by the sperm-donated centriole, which stimulates the local down-regulation of non-muscle 

myosin II activity (purple foci) at the posterior pole, resulting in anterior directed flow (red 

arrows) of cortical actin (orange). (c) In migrating cells, a polarized cycle of endo and 

exocytosis of membrane components, with exocytosis at the leading edge coupled to 

endocytosis at the cell rear, leads to retrograde flow of material in the bilayer (red arrows). It 

has been hypothesized that this membrane flow could act as a ‘fluid drive’ to propel the cell 

forward.
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Figure 2. 
Viscous coupling of fluid layers. (a) Model for reverse fountain flow streaming driven by 

cortical actomyosin (red). Here flow of the actomyosin cortex (red arrows) generates shear 

stress, which is transmitted to the overlaying membrane (brown arrows) and adjacent 

cytoplasm (orange arrows). Motion of the cortex can therefore be coupled to flow of both 

cytoplasmic components (green arrows) and transmembrane proteins with their surrounding 

lipids (dark brown arrows, inset). (b) Model of circulatory flow (cyclosis) in a plant cell. 

Myosin XI (purple, inset) transports large organelles, such as the ER, along oriented cortical 

actin filaments (purple arrows), inducing flow of the cytoplasm (orange arrows) in which 

they are moving. The cytoplasm is hydrodynamically coupled to the vacuole interior (green) 

via the vacuolar membrane. Thus, shear stress originating from Myosin XI motion at the cell 

cortex propagates throughout the various compartments of the cell, driving the observed 

pattern of fluid flow.
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Figure 3. 
Flow-induced asymmetry depends on the ratio of diffusive and advective transport. For 

membrane-associated species subject to advection, asymmetric accumulation by flow will 

depend on multiple factors: flow velocity, diffusion rates on the membrane and in the 

cytoplasm, and the rate of exchange between the membrane and cytoplasmic compartments. 

Here we consider two simplified cases in which flow velocity is held constant and we vary 

either diffusion or membrane dissociation rates. In (a), we consider a molecule that is stably 

associated with the membrane (i.e. does not exchange). For a given flow velocity, 

asymmetry is inversely related to the diffusion coefficient gradients steepen as the diffusion 

is reduced (i.e. increasing Pe). In (b), we consider the case of varying membrane detachment 

rates, holding diffusion in the two compartments fixed, in this case (Dmem = 0, Dcyto = 1 

μm2/s). Here, asymmetry declines with decreasing lifetime of the bound state, as the time 

spent being advected is decreased relative to the time spent diffusing (i.e. decreasing Pe). 

Plots show distributions from a 1-D simulation implementing a graded velocity function 

across the system where flow velocity u = -0.005 * x (μm/s). Concentration shown in green.
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Figure 4. 
Examples of flow-induced polarity. (a) Kinesin-dependent microtubule streaming (MTs in 

blue) in the Drosophila stage 10B oocyte drives the mixing of oskar mRNA and RNA-

binding proteins (green) allowing it to sample the cell cytoplasm. Inset illustrates myosin V-

dependent (purple) entrapment of RNPs at the posterior cortex. (b) In the multi-nucleated 

fungus Neurospora crassa, hyphal filaments are compartmentalized by septa, perforated by a 

central pore. Bulk cytoplasm flows unidirectionally (black arrows) through these pores, 

generating flow vortices known as eddies in the corners of the hyphal compartments. Nuclei 

and other organelles become trapped in these eddies (yellow), forming aggregates in which 

the behavior of organelles changes. In particular, confined nuclei engage distinct develop 

mental programs compared to flowing nuclei (grey) that are associated with the microtubule 

network (blue), leading to asymmetry within the hyphal compartments. (c) In the C. elegans 
embryo, clustering of PAR-3 is critical for advective transport by anterior-directed cortical 

flow. PAR-3 monomers (top inset) are highly diffusive and exchange between the membrane 

and cytoplasm rapidly, making advection inefficient (low Pe). By contrast, PAR-3 dependent 

clusters (bottom inset) remain membrane-associated much longer and exhibit reduced 

diffusion, facilitating long range transport. (d) (i) In migrating cells, retrograde actin flow 

transports molecules towards the rear end of the cell. The accumulation of molecules at the 

rear by flow is opposed by turnover at the membrane which allows molecules to be recycled 

back to the cell front. A fast rate of turnover and recycling coupled to local deposition at the 

leading edge allows concentration at the cell front (yellow species), while slow turnover 
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(green) drives accumulation at the rear. (ii) Altering turnover in a simple mathematical 

model of advective transport dramatically alters the concentration profile of molecules 

across the cell. Here a slowly diffusing molecule on the membrane (D = 0.01 μm2/s) is 

subject to flow as in Figure 3 and recycled to the cell front at variable rates krecy.
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