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F-actin has been shown to be essential for tip growth in an array of plant models, including Physcomitrella patens. One hypothesis
is that diffusion can transport secretory vesicles, while actin plays a regulatory role during secretion. Alternatively, it is possible
that actin-based transport is necessary to overcome vesicle transport limitations to sustain secretion. Therefore, a quantitative
analysis of diffusion, secretion kinetics, and cell geometry is necessary to clarify the role of actin in polarized growth. Using
fluorescence recovery after photobleaching analysis, we first show that secretory vesicles move toward and accumulate at the tip
in an actin-dependent manner. We then depolymerized F-actin to decouple vesicle diffusion from actin-mediated transport and
measured the diffusion coefficient and concentration of vesicles. Using these values, we constructed a theoretical diffusion-based
model for growth, demonstrating that with fast-enough vesicle fusion kinetics, diffusion could support normal cell growth rates.
We further refined our model to explore how experimentally extrapolated vesicle fusion kinetics and the size of the secretion
zone limit diffusion-based growth. This model predicts that diffusion-mediated growth is dependent on the size of the region of
exocytosis at the tip and that diffusion-based growth would be significantly slower than normal cell growth. To further explore
the size of the secretion zone, we used a cell wall degradation enzyme cocktail and determined that the secretion zone is smaller
than 6 mm in diameter at the tip. Taken together, our results highlight the requirement for active transport in polarized growth
and provide important insight into vesicle secretion during tip growth.

The precise regulation of exocytosis is essential to main-
tain polarized cell growth in a variety of plant systems.
Polarized cell growth, or tip growth, is a process bywhich a
cell grows in a unidirectional manner and is found ubiq-
uitously throughout theplant kingdom(Hepler et al., 2001).
Pollen tubes, root hairs, andmoss protonemal cells all have
emerged as models for this process (Hepler et al., 2001;
Menand et al., 2007). To achieve polar expansion in the
presence of uniform turgor pressure, these cells must spa-
tially regulate the extensibility of the cell wall (Winship
et al., 2010; Hepler et al., 2013). This is achieved through the

polarized exocytosis of various cell wall materials and
loosening enzymes (Rojas et al., 2011).

How plant cells establish spatially directed exocytosis
during polarized growth has been the focus of a number
of studies in the past decade (Cárdenas et al., 2008;
McKenna et al., 2009; Moscatelli et al., 2012). Many of
these efforts have heavily implicated the cytoskeleton as a
key player in exocytosis. Evidence suggests that myosin
XI transports vesicles containing cell wall materials via
F-actin to the growing tip of the cell (Vidali et al., 2010;
Madison and Nebenführ, 2013; Madison et al., 2015). In
pollen tubes, a cortical actin fringe several micrometers
behind the cell tip has been shown to be essential in po-
larized growth (Vidali et al., 2001, 2009; Lovy-Wheeler
et al., 2005). Rounds et al. (2014) have shown that the
presence of this fringe is necessary for the focusing of
apical pectin deposition. However, work with FM dyes
supports the hypothesis that exocytosis happens along
an annulus behind the cell tip (Bove et al., 2008; Zonia
and Munnik, 2008). In moss protonemal cells, the actin
cytoskeleton concentrates at the extreme cell apex (Vidali
et al., 2009). At this extreme apex, vesicle fluctuations
have been shown to predict F-actin fluctuations (Furt
et al., 2013). Furthermore, myosin XI, which is essential
for tip growth (Vidali et al., 2010), also can anticipate
actin fluctuations (Furt et al., 2013). ROP GTPases, which
have been thought to initiate tip growth (Lee and Yang,
2008), have been shown to influence apical F-actin dy-
namics and concentrations (Burkart et al., 2015).

Significantwork has been done to probe themolecular
players involved in cytoskeleton-mediated exocytosis;
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however, there is a growing need to demonstrate a mech-
anistic link between F-actin and polarized growth (Rounds
and Bezanilla, 2013). Although the actin fringe has been
modeled in pollen tubes (Sanati Nezhad et al., 2014), to the
best of our knowledge, the role of apical F-actin in other,
slower polar growth systems has yet to be examined.What
are the physical limitations an active transport system like
the actin cytoskeleton must overcome to facilitate vesicle
exocytosis and sustain polarized growth? Vesicle concen-
trations and diffusion coefficients, exocytic reaction kinet-
ics, cell growth rates, and the size of the active region of
exocytosis all place specific limitations on the actin-based
transport system. Quantifying these fundamental require-
ments will provide key insight into understanding the re-
quirement for transport in this system.
Without a quantitative assessment of the potential

physical limitations outlined above, we can hypothe-
size several functions for the actin cytoskeleton. For
example, it could serve as a means to overcome slow
vesicle diffusion limitations to drive exocytosis. The
actin cytoskeleton also could function to surpass slow
reaction kinetics associated with vesicle fusion events
on the plasma membrane. It is also possible that exo-
cytosis is confined to a relatively small area on the
plasma membrane; the actin cytoskeleton could then
function as a means to focus vesicles to this small exotic
zone. Finally, it remains a possibility that F-actin active
transport is not required to sustain polarized growth.
To better understand how F-actin influences vesicle

transport,wefluorescently labeled the v-SNAREVAMP72
(Sanderfoot, 2007) in the moss Physcomitrella patens (Vidali
and Bezanilla, 2012). P. patens was chosen here because it
does not exhibit large organelle cytoplasmic streaming
(Shimmen, 2007), which can complicate the analysis of
vesicle transport (Furt et al., 2012). Instead, P. patens only
exhibits two modes of vesicle transport, namely diffusion
and active transport along the cytoskeleton.We visualized
these modes of transport and performed fluorescence re-
covery after photobleaching (FRAP; McNally, 2008; Lorén
et al., 2015) duringpolarizedgrowth. Toprobe theutility of
actin-mediated active transport, we used the small mole-
cule inhibitor latrunculin B to depolymerize actin and
uncouple vesicle diffusion from active transport. With
FRAP aswell as number and brightness analyses (Digman
et al., 2008; Lorén et al., 2015; Kingsley et al., 2017), we
measured vesicle diffusion rates and concentrations, re-
spectively. We then developed a diffusion-limited analyt-
icalmodel andnumerically solved it using theseparameters
as well as previously measured cellular growth rates (Furt
et al., 2013). Using this model, we quantitatively explored
the limiting factors associated with cell growth and used
enzymatic digestions of the cell wall to further constrain the
model.

RESULTS

Depolymerization of Actin Stops Cell Growth in Minutes

Previous evidence in plants suggests that actin fila-
ments are essential for polarized growth (Vidali et al.,

2001). It remains unclear, however, if removal of the
actin cytoskeleton immediately abolishes growth or if
some growth, supported by diffusion, continues to
happen once actin is removed. To address this question,
we treated growing protonemal cells with the actin
monomer sequestering agent latrunculin B to depoly-
merize the actin filaments (Vidali et al., 2001, 2009). To
visualize vesicle accumulation, we used a cell line
expressing 3mEGFP-VAMP72 (Furt et al., 2013). Fol-
lowing latrunculin B treatment, we could not detect any
tip growth (Fig. 1A), which is consistent with previous
work (Vidali et al., 2001, 2009). Treatment also abol-
ished the tip localization of VAMP72 vesicles (Fig. 1B)
and produced an intensity gradient that decreased to-
ward the cell tip (Fig. 1C). Vehicle-treated controls grew
at 5.5 6 0.4 nm s21 which is within the range of previ-
ously measured growth rates (Furt et al., 2013). Since
latrunculin B arrests growth, we concluded that cell
growth could not continue without F-actin.

Figure 1. Latrunculin B stops growth. A, Representative kymographic
analysis of caulonemal cells expressing 3mEGFP-VAMP72 vesicles before
(top) and after (bottom) vehicle (left) or 5 mM latrunculin B (right) treatment.
The black vertical arrow indicates the vertical time axis. The horizontal
arrow denotes treatment time. White space between top and bottom im-
ages represents the approximate time necessary to apply the treatment to
the culture. The dotted white box indicates the region for the line scan. B,
Representative cells before (top) and after (bottom) latrunculin B treatment.
Bar = 5 mm. C, Measured intensity gradient for latrunculin B-treated cells.
Measurement was taken from the white dotted box in B for each measured
cell. Error bars indicate SE, and n = 4.
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Vesicles Exhibit Active Transport at the Cell Tip

Since the depolymerization of F-actin immediately
blocks growth, we sought to determine if actin plays a
role in vesicle transport at the cell tip. To this aim, we
performed FRAP experiments on a cell line expressing
the vesicle marker 3mCherry-VAMP72 (Furt et al.,
2013) at the cell tip (Fig. 2A) and a region distal to the
tip, subsequently referred to as the shank.We chose this
cell line because we found that 3mCherry is more sen-
sitive to photobleaching than 3mEGFP. To better un-
derstand the differences in molecular flux at the tip and
the shank, fluorescence recoveries were corrected for
acquisition photobleaching (Supplemental Fig. S1) and
normalized to the mean prebleach shank intensity.
Since VAMP72 vesicles localize to the cell tip (Fig. 2B;
Supplemental Fig. S2), likely through myosin binding
to actin, we expected a reduction in the recovery after
photobleaching of vesicles at the cell tip. Instead,
VAMP72 vesicles exhibited a faster exchange of parti-
cles at the tip than the shank (Fig. 2A), demonstrating
that the accumulation of vesicles at the cell tip is not
simply due to static capture. This indicates that there is
a stream of active transport at the cell tip that is faster
than the recovery at the shank.

To better understand the directionality of this fast active
transport, we recorded the movement of VAMP72 vesi-
cles after photobleaching. After averaging several fluo-
rescent recoveries, we found that these vesicles moved
along the cell cortex toward the tip of the cell (Fig. 2B;
Supplemental Movie S1). We further quantified this di-
rectional recovery by measuring the fluorescence inten-
sity along the perimeter of the photobleaching region of
interest (Fig. 2B). At early times (Dt1 = 0.7–1.6 s) after
photobleaching, we found that the maximum fluores-
cence intensitywas cortical butmoving toward the cell tip
(Fig. 2, B and C; Supplemental Movie S1). Finally, at
longer time intervals (Dt2 = 20–40 s), VAMP72 vesicles
became localized to the cell tip (Fig. 2, B and D;
SupplementalMovie S1). Since these vesicles exhibited an
increased flux at the cell tip when compared with the
shank, and because the vesicles recovered along the cell
cortex toward the tip, we conclude that active transport
drives a significant portion of themovement of VAMP72-
labeled vesicles.

Vesicles Undergo Diffusion When Uncoupled from Actin

To determine if active vesicle transport is actin de-
pendent, and to quantify vesicle diffusion, we uncou-
pled vesicle diffusion from actin-mediated transport
with the actin-depolymerizing agent latrunculin. This
treatment abolishes the tip localization of VAMP72
vesicles (Fig. 1; Supplemental Fig. S2), suggesting that
untreated VAMP72-labeled vesicles exhibit active trans-
port in an actin-dependent manner. To accurately quan-
tify vesicle diffusion, we performed photobleaching at
the cell tip and shank and, as done in the previous sec-
tion, performed corrections on the recovery curves to

remove the effects of acquisition photobleaching and re-
versible photoswitching (Supplemental Fig. S1). Fluo-
rescence recovery curves for the two specific locations
were normalized to their respective prebleach intensities.
Following photobleaching, the cell tip exhibited a re-
duced fluorescence recovery rate when compared with
the cell shank (Fig. 3A). Because photobleaching at the
cell tip was close to the cell membrane, we expected the
diffusion-based recovery at the tip to be limited by this
boundary and, as a consequence, slower. This is not the
case at the cell shank, where fluorescence recovery can
happen from all directions. To accurately determine the
diffusion coefficient, we used a particle-based computa-
tional model of FRAP that incorporates the properties of
our confocal imaging system, the three-dimensional
moss cell shape, and the thermal fluctuations of the flu-
orophore (Kingsley et al., 2017).

To reduce the number of free parameters in this FRAP
model, we experimentally measured the point-spread
function of our confocal system and the bleaching width
of the confocal laser (Supplemental Fig. S3). The FRAP
model recovery curves also were corrected for reversible
photobleaching to better match the experimental results
(see “Materials andMethods”). The two remaining open
parameters in our model were the diffusion coefficient
and the photobleaching proportionality constant, which
relates laser intensity to the number of fluorophores
bleached. After generating simulations for an array of

Figure 2. VAMP72 vesicle dynamics during polarized growth. A, Flu-
orescence recovery of 3mCherry-VAMP72 vesicles at the cell shank
(green circles) and cell tip (black squares); n = 8 and 10, respectively
(error bars indicate SD). B, Cropped and framed averaged photo-
bleaching region of interest (ROI) at the cell tip for 3mCherry-VAMP72
vesicles (top) and simulation (bottom); n = 8 and 50, respectively. Image
intensity is denoted with the rainbow lookup table (Dt1 = 0.7–1.6 s and
Dt2 = 20–40 s). White arrows mark the direction of recovery (left). The
white circle and arrow denote how the perimeter of the ROI was
measured (right). C and D, Intensity profiles of 3mCherry-VAMP72
along the ROI perimeter at the cell tip during the time intervals Dt1 = 0.7
to 1.6 s (C) and Dt2 = 20 to 40 s (D); n = 10, and error bars indicate SE.
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these two parameters, we employed a fitting routine to
determine the best-fit parameters (see “Materials and
Methods”). This analysis showed that a single diffusion
coefficient (D = 0.29 6 0.14 mm2 s21) was sufficient to
account for the fluorescence recovery seen both at the tip
and the shank.
To further demonstrate that our best-fit particle-based

simulation results accurately represent the motion of
VAPM72 vesicles in vivo, we compared the directional
fluorescence recovery of the best-fit particle-based simu-
lation (without the reversibly photobleached fraction) to
the experimental fluorescence recovery. At early times of
fluorescence recovery, an intensity gradient was present
within the photobleached regions for both the experiments
and simulations (Fig. 3B; Supplemental Movie S2) fol-
lowing limited volume corrections (Supplemental Fig. S4).
The gradient decayed toward the cell tip (Fig. 3C) and
flattened at long times (Fig. 3D), which suggests that the
cell boundary restricts the spatial recovery of VAMP72
vesicles. This gradient alsowas observed in our simulations

of FRAP at the cell tip (Fig. 3, E and F) but not at the cell
shank (Supplemental Fig. S5). This indicates that vesicle
recovery at the cell tip is influenced by its position next to
the apical plasma membrane, such that material cannot
flow in or exchange in all directions. Importantly, this re-
covery closely matches a diffusion model (Fig. 3, E and F),
further supporting our claim that VAMP72 vesicles exhibit
diffusion.

Analytical Modeling Demonstrates That Cell Growth Is
Not Entirely Diffusion Limited

To determine if diffusion alone can supply enough
vesicles to the growing cell edge to sustain polarized
growth in P. patens, we initially created a simple ana-
lytical model of diffusion-based cell growth in the ab-
sence of the actin cytoskeleton. To build this model, we
first determined the number of vesicle fusion events per
second, f, needed to support normal cell growth (Bove
et al., 2008). We assumed that P. patens is cylindrical in
shape at the shank, with an outer cell radius of R0 ;
6 mm and a wall thickness of d ; 250 nm (Martin et al.,
2009). As the cell grows, the wall maintains its outer
radius R0 and thickness d and elongates at a rate of
_Lg ¼ 5:56 0:4 nm=s. The wall volume per second, _Vw,
needed to sustain this growth can be written as

_Vw ≡
dVw

dt
¼ _Lgp

h
R2
0 2 ðR0 2 dÞ2

i
: ð1Þ

Assuming that the cell wall materials within a vesicle do
not change in volume once they are incorporated into the
wall, the number of vesicle fusion events needed to
support growth can be written as

f ¼
_Vw

Vv
: ð2Þ

Here, f is the number of vesicle fusion events as intro-
duced above and Vv is the volume of a vesicle. This as-
sumption is supported by electronmicrographs in pollen
tubes that show that the electron densities of vesicles and
the cell wall are similar (Lancelle and Hepler, 1992;
Derksen et al., 1995). Assuming that secretory vesicles
are spherical in shape with a radius of 40 nm (Lancelle
andHepler, 1992), one can calculate thatVv; 2.683 1024

mm3 and _Vw ; 0:051 mm3s2 1; therefore, the vesicle fu-
sion rate for a growing cell is f ; 189 vesicles s21.

To relate observed vesicle diffusion to this calculated
vesicle fusion rate, we modeled the growing cell as a
cylinder with an absorbable boundary at one face of the
cylinder. This model is equivalent in principle to latrun-
culin B-treated cells, in which diffusion alone must sup-
port growth.Here, the cylinder is oriented so that the tip is
positioned at x = 0 and the back end of the cylinder is at
x = L (Fig. 4, A and B). The cylinder contains a population
of vesicles with a spatial concentration that can bewritten
as c(x,t). In wild-type P. patens polarized growth, we de-
termined that large organelles such as chloroplasts and

Figure 3. Latrunculin B-treated VAMP72 vesicle dynamics. A, Fluo-
rescence recovery of latrunculin B-treated 3mCherry-VAMP72 vesicles
at the cell shank (green circles) and cell tip (black squares), with cor-
responding best-fit simulation results (red lines); n = 6 and 8, respec-
tively (error bars indicate SD). B, Cropped and framed averaged
photobleaching ROI at the cell tip for latrunculin B-treated 3mCherry-
VAMP72 vesicles (top) and simulation (bottom); n = 8 and 50, respec-
tively. Image intensity is denoted with the rainbow lookup table (Dt1 =
0.8–2.5 s andDt2 = 20–40 s). The white circle and arrowdenote how the
perimeter of the ROI was measured. C to F, Intensity profiles of
latrunculin B-treated VAMP72 along the ROI perimeter at the cell tip
during the time intervals Dt1 = 0.8 to 2.5 s (C) and Dt2 = 20 to 40 s (D),
with corresponding simulations in red (E and F); n = 8, and error bars
indicate SE.
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the vacuole remain at a distance ofL=166 1.4mmbehind
the growing tip. The presence of these large organelles
allowsus tomake two important simplifications. First, the
constant distance from these organelles to the tipmakes it
reasonable to model the growing tip of the cell as a cyl-
inder of constant size. Second, we assume that these or-
ganelles act as a reflective boundary (at x = L) and block
the flux of vesicles through this edge, c9(L,t) = 0.

At the opposite edge of the cylinder (at x = 0), we as-
sume perfect vesicle absorbability (e.g. infinite on-rate),
simulating a possible maximum limit for growth rate.
This assumption of infinite on-rate (or presumably un-
limited supply of receptors) uncouples vesicle diffusion
limitations from receptor-mediated vesicle-membrane
fusion limitations by assuming that vesicles instantly
fuse upon contact with this face of the cylinder. This is
represented by the vesicle concentration at the extreme
edge being zero [i.e. c(0,t) = 0]. To model vesicle produc-
tion, we assume a spatially homogenous production rate
Q. We impose this uniformproduction rate because of the
almost uniform distribution of Golgi bodies in the cell
(Furt et al., 2012). We can then express the concentration
of vesicles c(x,t) as a time-dependent diffusion equation
with a constant production rate Q

∂cðx; tÞ
∂t

¼ ∇ $ ½DðxÞ∇cðx;tÞ� þ Q : ð3Þ

Here, ∇cðx; tÞ represents the vesicle concentration gradi-
ent. At steady-state growth, we can take ∂cðx; tÞ=∂t¼0.
Assuming homogenous diffusion (D = constant), the radial

symmetry of the cell lets us define the concentration
throughout the cell as dependent only on the linear posi-
tion x. This produces a general solution for c(x) of the form

cðxÞ ¼ 2

�
Q
2D

�
x2 þ K1xþ K2; ð4Þ

whereK1 andK2 are constants determined by the bound-
ary conditions. Solving for the two boundary conditions
[c(0) = 0 and c9(L) = 0] produces a profile dependent on
the vesicle production rate Q such that

cðxÞ ¼ 2

�
Q
2D

�
x2 þ

�
QL
D

�
x: ð5Þ

There is an additional constraint that fixes the value of Q;
this steady-state condition requires that the concentration
of vesicles at the cell shank c(L) is equal to a predetermined
concentration cL. This constraint produces an expression
for Q, namely

Q ¼ 2DcL
�
L2: ð6Þ

During steady-state growth, the vesicle production rate Q
mustmatch the number of vesicle fusion eventsf such that

f ¼ QLpR2: ð7Þ

Here, R is the radius of the growing cylinder. This ex-
pression allows us to determine the number of vesicle

Figure 4. Differential equation model of diffusive cell
growth with idealized geometry. A, Diagram of the
cylindrical approximation of themoss geometry.Green
circles represent vesicles. Red boundaries are reflective
boundaries, and the green boundary is perfectly ab-
sorbable. B, Representative bright-field image of a
growing cell with a cylindrical approximation of the
analytical model in red. Bar = 5 mm. C, Simulated
3mEGFP-VAMP72 vesicleswith cL= 10 vesiclesmm23.
Bar = 4 mm. D, Normalized concentration profile for
the solution of the analytical model (Eqs. 3–7). E and F,
Growth rates for the analytical model (Eqs. 3–7) solved
for cL = 10 vesiclesmm23 (E) and cL = 100 vesiclesmm23

(F). Model error bars represent predicted growth rates
within 95% confidence intervals, withD = 0.15 andD =
0.43 mm2 s21, respectively. Wild-type (wt) error bars
represent 95% confidence intervals, n = 4.
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fusion events for any given cL,D,R, and L, and the values
used for these four parameters are listed in Table I. Dif-
fusion coefficient, D, was measured as described in the
previous section with FRAP analysis (Kingsley et al.,
2017). To determine cL, we used our confocal particle-
based simulation (Kingsley et al., 2017) to produce a
range of potential concentrations and found that resolv-
ing individual particles becomes impossible at concen-
trations above 10 vesicles mm23 (Fig. 4C). Since we
cannot resolve individual particles experimentally,
we let this be the lower bound estimate for cL. Finally,
we can relate the vesicle fusion rate predicted by our
analytical model in Equation 7 to the observed vesicle
fusion rate calculated using Equation 2.
For the range of possible values of cL, themodel predicts

two consistent effects that influence cell growth. First,
there is a parabolic reduction in vesicle concentration from
the shank out toward the growing tip (Fig. 4D). Addi-
tionally, we find a linear relationship between cell growth
rates and cL. At the lower bound vesicle concentration cL =
10 vesicles mm23, the predicted vesicle fusion rate is f =
416 20 vesicles s21 and the corresponding cell growth rate
is 1.2 6 0.6 nm s21 (Fig. 4, E and F). At the upper bound
vesicle concentration cL = 100 vesicles mm23 f = 410 6
201 vesicles s21 and the growth rate is 12 6 6 nm s21.
The confidence bounds for these estimates are the re-
sult of lower and upper bound estimates for the vesicle
diffusion coefficient (see “Materials and Methods”).
This growth rate indicates that diffusion cannot sus-
tain cell growth at our estimated lower bound vesicle
concentrations (Fig. 4E) but can easily support growth
at our upper bound estimate (Fig. 4F).
This means that diffusion limitations at the growing cell

edgemay not serve as the only reasonwhy these cells stop
growing. Interestingly, this implies that, under idealized
vesicle fusion and vesicle concentrations, diffusion could
support cell growth.Additional factors such asmembrane-
vesicle fusion kinetics, small active exocytic regions, and
three-dimensional cell geometry also may prevent latrun-
culin B-treated cells from growing.

Vesicle Concentrations Yield an Estimate of Vesicle
Fusion Kinetics

To explore the additional factors that may limit cell
growth and better determine the concentration of VAMP72-
labeled vesicles during latrunculin B treatment, we used
numbers and brightness (N&B) analysis (Digman et al.,
2008). In N&B analysis, the mean and variance of a
fluorophore’s intensity fluctuations are used to determine

the concentration of molecules in solution. The founda-
tion of this analysis is the assumption that molecule
number fluctuations in a given volume are Poisson dis-
tributed, which holds true for a freely diffusing popula-
tion of vesicles (Digman et al., 2008). Since the mean and
variance of a Poisson distribution are equal, it is possible
to algebraically solve for the brightness of a fluorophore
even in the presence of detector shot noise (Digman et al.,
2008). Using this analysis, we found that the vesicle con-
centrations of latrunculin B-treated cells were 396 6 and
386 2 vesiclesmm23 at the tip and shank, respectively (for
details, see “Materials and Methods”). No statistically
significant differences in concentrationswere found at the
tip and shank (P = 0.8349; n = 6). At these vesicle con-
centrations, the analytical model predicts growth at 5 6
2.9 nm s21, similar to normal growth.

Since diffusion-based growth with ideal vesicle fusion
kinetics is enough to support cell growth, we sought to
estimate the true kinetics of vesicle membrane fusion
during exocytosis. Docking and fusion of exocytic vesicles
is amultistep processmediated by protein complexes such
as Exocyst (Kulich et al., 2010; Bloch et al., 2016) and the
SNARE complex (Lipka et al., 2007; El Kasmi et al., 2013),
which we simplify by assuming that VAMP72 vesicles
interactwith one typeof receptor on theplasmamembrane
at the cell tip.We also assume that this type of receptor has
one reaction rate and facilitates the integration of ves-
icles into the plasmamembrane. This allows us to write
the flux equation through the plasma membrane as
follows (Phillips, 2013)

f ¼ mKoncð0Þ: ð8Þ

Here, m is the total number of receptors on the plasma
membrane at the cell tip, Kon is the binding reaction rate
between vesicles and the receptors, and f is the mea-
sured number of vesicle fusion events per second (as
defined previously with Eq. 2). As a first approxima-
tion, and for the most parsimonious case, we assume
that mKon is constant during growth. Since the intensity
of vesicles at the very cell tip, c(0), for growing cells is
roughly 2-fold higher than c(0) for latrunculin
B-treated cells (Supplemental Fig. S2), we can solve
Equation 8 to get mKon ; 2.5 s21 mm23.

The Refined Diffusion Model Illustrates the Requirement
for F-Actin in Polarized Growth

With relevant vesicle concentrations and fusion kinetics
known, we then built a more comprehensive model to

Table I. Analytical model parameters

Parameter Value Source

Diffusion coefficient, D 0.29 6 0.14 mm2 s21 Measured with FRAP
Cylinder length, L 16 6 1.4 mm Measured from microscope images (n = 8)
Cylinder radius, R 6 6 0.2 mm Measured from microscope images (n = 8)
Concentration at c(L), cL 10 to 100 vesicles mm23 Estimated from Figure 1B
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determine the physiological conditions under which dif-
fusion could or could not sustain cell growth and devel-
oped an insight into the limiting factors in polarized
growth from a vesicle-trafficking perspective. To this end,
we created a diffusion-based growth model without the
actin cytoskeleton. To incorporate a more realistic geom-
etry of the growing moss cell tip, we used the finite ele-
ment analysis modeling software Comsol Multiphysics
(Comsol) to solve Equation 3 within the moss geometry
for biologically relevant boundary conditions. We used
impermeable (reflective) boundary conditions for most of
the plasma membrane, except for the active region of
exocytosis at the cell tip, where the m receptors were
concentrated. In this region, we used Equation 8 as a
boundary condition to simulate diffusion-mediated exo-
cytosis. Since the size of the zone of vesicle exocytosis is
unknown, we simulated four different discrete exocytic
zones, centered at the cell apex, with diametersV = 1, 2, 4,
and 10 mm (Fig. 5A). To satisfy Equation 8, each of the
four simulated exocytic zones maintained the same total
number of receptors, m, but at different densities. Al-
though it has been shown previously that vesicle exocytic
zones may have amonotonically increasingmKon focused
at the tip (Campàs andMahadevan, 2009), we simulateV

with a constantmKon to establish the effective length scales
for the exocytic zone.

To achieve growth rates similar to a wild-type cell, our
model predicts that a cell growing by diffusion would
have tomaintain vesicle concentrations at the shankmuch
greater than those observed experimentally. Specifically,
these concentrations range between ;125 and 477 ves-
icles mm23 at the cell shank, cL, while our experimen-
tally measured shank concentration is 38 6 2 vesicles
mm23. Based on the size of the exocytosis zone, we
found that these concentrations exhibited different
gradients as they approached the cell tip. Large exocytic
zones produced concentration gradients that fell slowly
as they approached the cell tip, while smaller zones
produced concentration gradients that rapidly fell as
they approached the cell tip (Fig. 5, B and C). We also
found that larger exocytic zones could support cell
growth at lower vesicle concentrations than smaller
exocytic zones. This means that a cell with larger exo-
cytic zones could grow more quickly than a cell with a
smaller exocytic zone if both cells had the same steady-
state vesicle concentrations. For large exocytic regions
and experimentally measured vesicle concentrations,
diffusion alone could lead to cell growth rates slightly

Figure 5. Differential equation model of
diffusive growth with moss cell geome-
try. A, Plasmamembrane with the active
area of exocytosis marked in red. Black
lines indicate the reflective boundary.
Dashed lines indicate the exocytosis re-
gion diameter V. B, Model-predicted
steady-state vesicle concentration profile
necessary to sustainwild-typecell growth.
The color table indicates concentration
gradients, with high concentrations as
warm colors and low concentrations as
cool colors. C andD,Normalized (C) and
unnormalized (D) concentration profiles
from B necessary to sustain wild-type
cell growth. E, Comsol model-predicted
growth rates for experimentally mea-
sured shank concentrations for V = 10,
4, 2, and 1 mm from left to right. Model
error bars represent predicted growth
rates forD=0.15 andD=0.43mm2 s21,
respectively. Thewild-type (wt) error bar
represents SE; n = 4.
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slower than 2 nm s21 (Fig. 5E). Smaller exocytic regions at
experimentally relevant vesicle concentrations produced
growth rates slower than 1 nm s21 (Fig. 5E). Although
actin could serve other functions associated with growth,
our results demonstrate that there is a specific require-
ment for active transport to sustain cell growth and that
this need is dependent on the size of the exocytic zone.

Wall Extensibility Is Weakest at the Cell Tip

In order to constrain our diffusion model with an ex-
perimentally relevant secretion size, we examined the
material properties of the cell wall. To probe these prop-
erties during polarized growth, we used the enzyme
cocktail driselase, which enzymatically degrades thewall.
When exposed to driselase, we found that the wall of the
tip-growing cells would begin to extrude and eventually
fail (Fig. 6A). Following treatment, extrusion and failure
were observedwithinminutes.We found that the average
size of the extruded region was approximately 5.8 6 0.5
mm in diameter (Fig. 6B), and its center was within 3 mm
from the center of the cell (Fig. 6C). Assuming that deg-
radation happens uniformly, this indicates that the cell

wall is most extensible at the cell tip. Due to the fact that
exocytosis mediates wall extensibility, we inferred that
exocytosis likely takes place within a region smaller than
5.8 mm in diameter. This upper limit illustrates that,
without F-actin, diffusion-based cell growth could never
achieve growth rates greater than 2 nm s21 (Fig. 6, D and
E), which is significantly less than the 5.5 6 0.4 nm s21

observed experimentally.

DISCUSSION AND CONCLUSION

This work demonstrates that, in moss protonemata,
actin drives vesicle transport and showsquantitatively that
this transport is necessary to sustain normal cell growth.
Specifically, the experimentally measured vesicle diffusion
coefficient, vesicle concentrations, membrane reaction ki-
netics, and size of the exocytosis region collectively impose
enough limitations on diffusion-based growth to require
an active transport system in polarized secretion (Fig. 7).

While it is well known that F-actin is necessary for
polarized growth, we showed here that latrunculin B
treatments halt tip growth within 2 min, indicating an
immediate reliance on actin. We then showed with

Figure 6. Driselase reveals cell wall extensibility. A,
Representative time series of cell wall rupture fol-
lowing exposure to driselase. The cell perimeter is
highlighted in blue. Green circles mark the end
points of the rupture arc length. Black circles mark
the cell tip. Red circles show the maximally
deflected rupture position. Red stars show the pro-
jected rupture position. Dashed lines indicate the
rupture diameter V. Bar = 5 mm. B, Cumulative
frequency of rupture diameter V. The inset displays
a box plot of the rupture diameter. The median is
marked in red, the quartiles are marked in blue, and
the minimum and maximum are marked in black.
The red dot is the mean. C, Location of cell rupture
along the edge. Blue dots indicate the cell boundary.
Red stars indicate the region of rupture (n = 17). D,
Comsol model-predicted concentration profile,
necessary to sustain wild-type cell growth, for V =
5.8 mm. E, Comsol model-predicted growth rate for
experimentally measured shank concentrations and
V = 5.8 mm, compared with the wild-type growth
rate. Model error bars represent predicted growth
rates for D = 0.15 and D = 0.43 mm2 s21, respec-
tively. The wild-type (wt) error bar represents SE;
n = 4.
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FRAP that VAMP72-labeled vesicles are transported
cortically to the cell apex in an actin-dependent manner.
Nevertheless, this FRAP analysis is limited in that it does
not have the spatiotemporal resolution to infer additional
modes of vesicle dynamics, such as transport to the
plasma membrane and/or endocytic vesicle resupply.

Depolymerizing the actin cytoskeletonwith latrunculin
B reduced the number of modes of vesicle dynamics and
allowed us to use FRAP to measure the vesicle diffusion
coefficient (;0.29 mm2 s21). While we assumed that the
VAMP72fluorescentmarker exclusively labeled secretory
vesicles, it remains a possibility that the marker could
have labeled a small fraction of the Golgi or endoplasmic
reticulum. However, our N&B analysis shows that the
vast majority of pixels in the images have a brightness
distribution consistent with the marker labeling a single
species (Supplemental Fig. S6). In addition, fluorescence
labeling of the endoplasmic reticulum and Golgi (Furt
et al., 2012) did not match the fluorescence intensity dis-
tribution found with VAMP72. Furthermore, the vesicle
diffusion coefficient we measured is in agreement with
previously measured pollen tube vesicle diffusion coeffi-
cients (Bove et al., 2008; Kroeger et al., 2009) and mea-
surements of the viscosity of themoss cytoplasm (Kingsley
et al., 2017).

Our quantitative estimate of the vesicle diffusion coef-
ficient, the number of vesicles (through N&B analysis of
VAMP72), and the kinetics of vesicle fusion (mKon)
allowed us to build a model to describe diffusion-based
growth with relevant parameters from moss. While the
variability in number of VAMP72 molecules on a vesicle
can contribute to the observed intensity fluctuations, we
considered this effect to be negligible, since our measured

concentration of vesicles is in agreement with electron
microscopy estimates (McCauley and Hepler, 1992). We
used this concentration to solve the flux equation at the
cell tip and determined an estimate for the kinetics of
vesicle fusion, mKon. To explore how the reaction kinetics
observed during normal cell growth limit diffusion-based
cell growth, we assumed that mKon is constant and inde-
pendent of the presence of F-actin. With these parameters
used as inputs, we built and solved a comprehensive
model of diffusion-based cell growth in a realistic moss
geometry. It is important to note that this model is a
theoretical proof used to illustrate limitations that high-
light the importance of F-actin and is not expected to
match the physiological conditions in latrunculin B-treated
cells. Nevertheless, our results predict that diffusion-based
transport is slower than normal cell growth and
heavily dependent on the size of the active region of
exocytosis.

Finally, with driselase treatments, we found that the
effective length scale for the region of greatest extensi-
bility (maximum secretion) was on the order of a few
micrometers and located at the cell tip. This analysis
holds as long the cell wall extruded because of an in-
creased extensibility and not because of increased
stresses resulting from the intrinsic geometry of the cell.
Based on the shape of the cell wall, and on the as-
sumption that the cell wall is a thin sheet, one can show
that the maximum stresses on the cell wall are not at the
regions of rupture (Campàs andMahadevan, 2009). For
thin-walled shells under uniform pressure, it has been
shown that the curvature of the cell wall is inversely
proportional to stress (Campàs and Mahadevan, 2009).
Since the shank of the cell is less curved than the tip,

Figure 7. F-actin must overcome the limiting factors
in polarized cell growth. A, Illustration of the limiting
factors in cell growth.Without F-actin, our measured
vesicle diffusion, vesicle concentrations, reaction ki-
netics (mKon), and active secretion zone size would
result in significantly slower polarized growth. B,
With F-actin, the cell can overcome these measured
limitations and sustain cell growth.
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greater stresses are predicted at the shank; therefore,
the observed cell rupture is most likely a result of in-
creased extensibility at the tip. Additionally, these
measurements for the size of the exocytic zone are
consistent with the localization of myosin XI at the cell
tip (Vidali et al., 2010).
Although we built a tip-growth model that quantita-

tively highlights the necessity for an active transport
mechanism in polarized growth, we cannot rule out the
possibility that other factors could limit polarized growth.
For example, the F-actin could be necessary to maintain
the active region of exocytosis. Specifically, F-actin could
facilitate the transport and polarization of the receptors
required in vesicle fusion. However, elucidating such
potential limitations is left for future work. Importantly,
we have shown and quantified specific reasons why ac-
tive transport is necessary in polarized growth. These
analyses and modeling approaches are likely to apply to
other tip-growth systems in plants such as root hairs and
pollen tubes.

MATERIALS AND METHODS

Measuring Moss Growth Rates

The Physcomitrella patens cell line used for measuring growth rates was
3mEGFP-VAMP72 and was transformed as described (Furt et al., 2013); the
gene used corresponds to accession number Pp3c4_13580V3.1 (Phytozome 12).
Moss samples were cultured using the protocol described previously (Vidali
et al., 2007). Microscope samples were prepared as described previously (Furt
et al., 2013). To stop growth, liquid medium (PpNO3) with 200 mL of 5 mM

latrunculin B was pipetted directly on top of the growing cells. Samples were
imaged with a Leica TCS SP5 confocal microscope with a 633 objective and a
numerical aperture of 1.4. The argon laser was set to 25% power, and the
488-nm laser line was set to 10% power. The emission bandwidth was set be-
tween 499 and 546 nm, and a hybrid detector was used to acquire images.
Kymographs and growth rates were constructed using ImageJ.

Experimental FRAP Acquisition, Processing, and Analysis

Themosscell lineusedforFRAPwasa3mCherry-VAMP723mEGFP-myosinXIa
double line published previously (Furt et al., 2013). Moss samples were cultured
using the protocol described previously (Kingsley et al., 2017). Samples were pre-
pared in QR-43C chambers (Warner Instruments) and perfused with 5 mM latrun-
culin B. Samples were imaged with a Leica TCS SP5 scanning confocal microscope
using the Leica FRAP wizard. A 633 objective with a 1.4 numerical aperture was
used. The pinhole was set to 2 airy disks, and the camera zoom was 9. To visualize
the 3mCherry-VAMP72 cell line developed previously (Furt et al., 2013), the DPSS
561-nm laser was turned on and the 561-nm laser line was set to 10%. The laser
scanning speed was set to 1,400 Hz with bidirectional scanning. The emission
bandwidth for 3mCherrywas set between 574 and 646 nm. Imageswere acquired at
2563 256 pixel resolution with a bit depth of 12 bits.

Following image acquisition, images were subjected to several processing
steps. First, experimental TIFF stacks were analyzed with an ImageJ macro that
tracked the photobleaching ROI, performed background subtraction, and
normalized the mean ROI to prebleach ROI intensities. Image acquisition
photobleaching was measured by tracking fluorescence intensity over time
while imaging cells at the same sampling rate used during FRAP experiments.
This fluorescence time trace was fit to a piece-wise exponential. To correct for
acquisition photobleaching and reversible photobleaching, normalized FRAP
experimental ROI intensities were divided by this piece-wise exponential
(Supplemental Fig. S1). All untreated curves were normalized to the mean
prebleach shank intensity to illustrate changes in fluorescence intensity relative
to the shank vesicle concentration. Recovery curves from latrunculin B-treated
cells, at the tip and shank, were normalized to their mean prebleach intensities
at their respective locations.

For spatial analysis of fluorescence recovery, experimental images were
analyzed as follows. First, an image-cropping macro was used to extract FRAP
ROIs. Cropped ROIs were then normalized to the mean of the prebleach ROIs
and averaged across experimental replicates. To correct for the limited accessible
volume at the cell tip, we fit an exponential decay to a line scan through the
cropped prebleach ROIs. We then divided each ROI during fluorescence re-
covery by this exponential decay (Supplemental Fig. S5). For more details on
experimental FRAP acquisition and processing, see Kingsley et al. (2017).

After ROI processing, we spatially subsampled the ROIs with an angular
sector that was rotated 360° about the ROI (Figs. 2B and 3B). To reduce noise, we
averaged about the horizontal axis of the ROI; this produced an intensity profile
from 0° to 180°.

Measuring Confocal Imaging and FRAP Parameters

Since our particle-based FRAP simulation considers the imaging and pho-
tobleachingpropertiesof the confocalmicroscope,wemeasured thepoint spread
function (PSF) of our imaging system and the photobleaching properties of
3mCherry-VAMP72 (for details on the simulation inputs and parameter esti-
mates, see Kingsley et al. [2017]). To determine the PSF of our imaging system,
we used the PS-Speck Microscope Point Source Kit P7220 (Invitrogen). Bead
images (Supplemental Fig. S3, A and B) were deconvolved with a boxcar
function equal to the width of the bead. This ensured that the experimental
images represented a true point source. The deconvolved PSF was then fit to a
three-dimensional squared Gaussian beam (Supplemental Fig. S3, A and B) and
used for imaging in the simulation (Kingsley et al., 2017). Based on these fits, we
found that the minimum beam width, w0, and the Rayleigh range, zR, were
520 and 500 nm, respectively.

To measure the photobleaching properties of the beam, we fixed cells
expressing 3mCherry-VAMP72 with formaldehyde (Fritzsche and Charras,
2015). For fixation, a solution of 100 mM HEPES with 2% (v/v) formaldehyde at
pH 7 was perfused into QR-43C chambers (Warner Instruments) for 30 min
(Vidali et al., 2007). Fixed cells were subjected to a 1- 3 6-mm rectangular
photobleaching ROI (Supplemental Fig. S1C, solid white rectangle) and imaged
in the same plane as the photobleach. A rectangular ROI was chosen because it
is composed of confocal scans of equal length, which permits fluorescence av-
eraging along the long axis of the rectangle. A line scan was created by col-
lapsing a 4- 3 8-mm rectangular region including the photobleached ROI
(Supplemental Fig. S1B, dashed yellow rectangle) into a one-dimensional pro-
file. After photobleaching, we fit the photobleaching function described
(Kingsley et al., 2017) to the line scan. This function characterizes the horizontal
line scan of a Gaussian beam as it photobleaches across a fixed distance. As
shown previously (Braeckmans et al., 2006), we found that the photobleaching
Gaussian beamwaist was 2-fold larger than the imaging beamwaist at 920 nm.
This fit also yielded a photobleaching proportionality constant, which was used
as a starting point in fluorescence recovery fitting routines to measure VAMP-
72 vesicle diffusion. For details on simulating confocal photobleaching, see
Kingsley et al. (2017), and for general use, we developed the Digital Confocal
Microscopy Suite (DCMS), which can be downloaded at http://dcms.
tuzelgroup.net/.

FRAP Parameter Minimization

To determine the simulation parameters that best characterize the recovery
curves forVAMP72vesicles in latrunculinB-treated cells, aminimization routine
was used similar to the one described (Kingsley et al., 2017). Averaged exper-
imental recovery curves Rexp(t) at the tip and shank were characterized into
classes Rexp

T ðtÞ and Rexp
S ðtÞ; respectively. Averaged simulation recovery curves

were characterized in the same way to produce Rsim
T ðtÞand Rsim

S ðtÞ. These two
classes of simulation recovery curves were generated in a two-dimensional
parameter space for the parameters D and K, where a range of each parame-
ter was simulated (D = 0.1–0.5 mm2 s21 and K = 0.01–0.03). Here, D is the dif-
fusion coefficient and K is the bleaching proportionality coefficient. The
bleaching proportionality coefficientKmeasured during fixationwas used only as
a reference in generating the range for possible values ofK. Thiswas done because
formaldehyde treatment was found to affect fluorophore bleaching properties at
the concentrations used. Unlike the approach fromKingsley et al. (2017), only two
parameters were used here because the photobleaching width, w0, was measured
with formaldehyde-treated cells. The recovery curve for each parameter pair was
stored in a Matlab (MathWorks) data structure. Best-fit simulation parameters for
the averaged experimental recovery profiles at the tip, Rexp

T ðtÞ, and shank, Rexp
S ðtÞ;,

were found by reducing the sum of squared differences between the curves.
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Averaged tip and shank recovery curves can be represented as Rsim
T ðtÞD;K;w0

and
Rsim
S ðtÞD;K;w0

, respectively.
To account for reversible bleaching,we imposed a correction on all simulated

recovery curves (Sinnecker et al., 2005; Mueller et al., 2012; Morisaki and
McNally, 2014; Kingsley et al., 2017). During intentional photobleaching, some
fraction of the bleached molecules, a, convert back to an unbleached state at a
given rate, R(t). We used a and R(t) that were measured previously for
mCherry. Then, using the relationship devised previously, IM(t) = IFRAP(t) + aR
(t)IFLAP(t), we corrected the simulated recovery curves (Mueller et al., 2012).
Here, IM(t) is the resultant fluorescence recovery that incorporates reversible
bleaching, IFRAP(t) represents the fraction of the fluorescence recovery due to the
movement of unbleached fluorophores, and IFLAP(t) represents themotion of the
reversibly photobleached molecules. After correction, the averaged simulation
tip and shank recoveries become Rsim

T ðtÞrevD;K;w0
and Rsim

S ðtÞrevD;K;w0
, respectively,

where the superscript rev indicates reversible bleaching correction. Following
this correction, best-fit diffusion coefficients for VAMP72 vesicle experiments
were found with the following argument minimization

argminDv ;Kt ;Ks ½∑
t. 0

ðRexp
T ðtÞ 2 Rsim

T ðtÞrevDv ;Kt
Þ2 þ ∑

t. 0
ðRexp

S ðtÞ 2 Rsim
S ðtÞrevDv ;Ks

Þ2� ð9Þ

In this minimization, experimental recoveries at the cell tip and shank were
compared with their corresponding simulations to find the parameters Dv, Kt,
andKs. Here, the subscript v denotes VAMP72 vesicles. As shown in Equation 9,
the diffusion coefficient Dv was shared between the tip and shank. To improve
the argument minimization, two unshared bleaching proportionality coeffi-
cients were used at the tip Kt and shank Ks (Kingsley et al., 2017). Although
using two unshared bleaching probabilities improves the argument minimi-
zation, a shared bleached probability for the tip and shank did not appreciably
change the mean value of our measured diffusion coefficient, D = 0.45 6 0.04
mm s21. This measurement has confidence intervals that overlap with the in-
tervals of our VAMP72 vesicle diffusion coefficient (D = 0.29 6 0.14 mm2 s21)
and does not change our conclusions. Similarly, we found that ignoring the
reversible photobleaching would have had little impact on our measured dif-
fusion coefficient (D = 0.32 6 0.18 mm2 s21).

Todetermine the error associatedwith themeasuredparameters,weused the
Monte Carlo simulation as described previously (Motulsky and Christopoulos,
2004; Kingsley et al., 2017). In brief, we generated new experimental and sim-
ulated recovery curves via Monte Carlo simulation by sampling from a normal
distribution for each condition. The mean and SD of this normal distribution
were taken from the mean and SD of each point in the corresponding recovery
curve. We then performed the argument minimization described in Equation
9 on the newly generated curves to find new values for the parameters Dv, Kt,
and Ks. We then repeated this process to produce a distribution of these pa-
rameters.We used two SD values from each distribution to represent the error of
our measured parameters, such thatDv = 0.296 0.24 mm2 s21, Kt = 0.026 0.004,
and Ks = 0.0125 6 0.004.

Comsol Cell Growth Model

Cell growthmodelswere generatedusing theComsolMultiphysics (Comsol)
modeling software using the three-dimensional transport of dilute species in-
terface with one species. To achieve the steady-state solution of our growth
model, the stationary study option was selected.Wemodel the cell as a cylinder
of length 10 mm and radius 6 mm, capped by a hemisphere. To simulate the
active region of exocytosis, we induced a flux, consistent with Equation 8,
through the cell membrane at the cell tip. To simulate the uniform production of
vesicles, we imposed a homogenous reaction rate. All simulations were run
with a mesh setting of extremely fine in the software. To determine the con-
centration profiles required to maintain wild-type growth, for the various se-
cretion sizes, we set the production term to match the desired growth rate. We
then modified this production term to match the experimentally measured
shank concentrations and reported the growth rate. Vesicle concentration
profiles were then exported as text files and visualized in Matlab.

Numbers and Brightness Analysis

Moss cultures and microscope samples were prepared as described in
measuringmossgrowth rates. Sampleswere imagedonaLeicaTCSSP5 confocal
microscope with a 633 objective with a numerical aperture of 1.4. The argon
laser was set to 25% power, and the 488-nm laser line was set to 20% power. The
emission bandwidth was set between 499 and 546 nm, and a hybrid detector
in photon counting mode was used. Images were scanned at 700 Hz. Six

latrunculin B-treated cells were imaged at both the shank and the cell tip within
a 6- 3 6-mm area and a pixel resolution of 512 3 512. Image stacks were ana-
lyzed in Matlab (MathWorks) as described previously (Digman et al., 2008).

To conduct our analysis, we collected confocal image time series at the tip and
shankof latrunculinB-treatedcellsexpressing3mEGFP-VAMP72(SupplementalFig.
S5A). We assumed that all the VAMP72s on a vesicle contribute equally to the
brightness of a vesicle, because the size of a vesicle is consistent with a diffraction-
limited spot (Lancelle and Hepler, 1992). To ensure that detector shot noise and
VAMP72 vesicle number fluctuations were the primary contributors to intensity
fluctuations, all images were acquired with a hybrid detector in photon-counting
mode (Dalal et al., 2008; Digman et al., 2008). The intensity fluctuations over time for
each pixel were calculated and used to determine the brightness and number of
molecules within each pixel (Supplemental Fig. S5B). We thenmanually filtered the
pixels by their apparent brightness and intensity. This was done to remove back-
ground pixels and anomalously bright pixels (with brightness value B . 2;
Supplemental Fig. S5C). To convert the number ofmolecules within a given pixel to
a concentration, the number ofmoleculesmust be divided by the volume of the PSF.
To obtain the apparent volume of the PSF, we used our particle-based confocal
simulation (Kingsley et al., 2017) with our measured PSF beamwidth and Rayleigh
range as input parameters. These parameters were measured in the same way as
3mCherry (Supplemental Fig. S3). With the particle-based confocal simulation, we
then generated an array of vesicle concentrations and used a calibration curve
to convert the number of molecules per pixel to the known concentrations
(Supplemental Fig. S5D). From the calibration curve, we were able to determine the
volume of our PSF given our measured experimental parameters. This PSF volume
was within the 20% error of theoretical PSF volumes (Moens et al., 2011).

Driselase Treatment on the Cell Wall

Moss cultures were prepared as described in measuring moss growth rates.
Microscope preparationsweremadeon the bottomof 60-315-mmpetri dishes. Ten
milliliters of PPN03with 1% (w/v) agarwas pipetted into the dish. Six 1-mL pipette
tips were placed face up onto the dish. Once solidified, the pipette tips were re-
moved and 50 mL of PPN03 with 1% (w/v) agar was pipetted into the newlymade
holes. A single moss colony was then placed into one of the holes. Then, a 200-mL
solution of 8% (w/v) mannitol and 2% (w/v) driselase was pipetted into the hole.
The cells were imaged using a Zeiss Axio Observer invertedmicroscopewith a 203
objective. Images were acquired with a Photometrics Cool Snap Camera with the
Pixelfly software. Images were taken every 0.1 s.

Images were analyzed with Matlab (MathWorks). Cell edges were detected
using the canny edgedetection algorithmwith the function edge.Rupturepoints
andpositionswere foundmanually byselectingpoints on the image. Polynomial
fitting was used to estimate relevant arc lengths.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Image acquisition photobleaching/reversible
photoswitching and correction.

Supplemental Figure S2. Latrunculin B abolishes the tip localization of
VAMP72 vesicles.

Supplemental Figure S3. PSF for imaging and photobleaching.

Supplemental Figure S4. VAMP72 vesicle-accessible volume correction.

Supplemental Figure S5. Spatial fluorescence recovery of VAMP72 vesi-
cles at the cell shank.

Supplemental Figure S6. N&B analysis reveals vesicle concentrations.

Supplemental Movie S1. Analysis of the spatial recovery of VAMP72 ves-
icles at the cell tip.

Supplemental Movie S2. Analysis of the spatial recovery of VAMP72 ves-
icles at the cell tip of a latrunculin B-treated cell.
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