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SUMMARY

Pollen, a neighbor-less cell containing the male gametes, undergoes mechanical challenges during plant sex-
ual reproduction, including desiccation and rehydration. It was previously shown that the pollen-specific me-
chanosensitive ion channel MscS-like (MSL)8 is essential for pollen survival during hydration and proposed
that it functions as a tension-gated osmoregulator. Here, we test this hypothesis with a combination of math-
ematical modeling and laboratory experiments. Time-lapse imaging revealed that wild-type pollen grains
swell, and then they stabilize in volume rapidly during hydration. msi8 mutant pollen grains, however, continue
to expand and eventually burst. We found that a mathematical model, wherein MSL8 acts as a simple-tension-
gated osmoregulator, does not replicate this behavior. A better fit was obtained from variations of the model,
wherein MSL8 inactivates independent of its membrane tension gating threshold or MSL8 strengthens the cell
wall without osmotic regulation. Experimental and computational testing of several perturbations, including
hydration in an osmolyte-rich solution, hyper-desiccation of the grains, and MSL8-YFP overexpression, indi-
cated that the cell wall strengthening model best simulated experimental responses. Finally, the expression of
a nonconducting MSL8 variant did not complement the ms/8 overexpansion phenotype. These data indicate
that contrary to our hypothesis and to the current understanding of MS ion channel function in bacteria, MSL8
does not act as a simple membrane tension-gated osmoregulator. Instead, they support a model wherein ion
flux through MSLS8 is required to alter pollen cell wall properties. These results demonstrate the utility of pollen
as a cellular scale model system and illustrate how mathematical models can correct intuitive hypotheses.

INTRODUCTION

Plant cells are uniqgue mechanical systems. They have a strong,
yet flexible, outer wall containing a soft, but turgid, protoplast
and are often physically connected to their neighbors.” Their
turgor pressure must be controlled during growth, development,
and osmotic changes to maintain cell and tissue integrity and to
mediate cell and tissue movements.?* Although our understand-
ing of plant cell mechanics has contributed to mechanical
models of plant tissue development,” wall-to-wall adhesion
adds external forces and responses that complicate the me-
chanical characterization of any one cell.” Here, we employ pol-
len grains as a neighbor-less model system for the biomechan-
ical characterization of plant cells.

Pollen grains, which are the male gametophyte, undergo
drastic mechanical changes throughout their normal develop-
ment. After meiosis and one or two rounds of mitosis, each grain

desiccates within the anther to slow metabolism and protect it-
self from environmental conditions.® Pollen from some species,
including the model flowering plant Arabidopsis thaliana, eventu-
ally contain less than 30% water.® Dry grains are then released
from the anther to travel on pollinators or by air to reach the
stigma, the receptive part of the flower. Once a compatible asso-
ciation is formed, pollen grains rehydrate in about 10 min, using
moisture from the female tissue.” The now metabolically active
pollen extends a tube that passes through stigmatic tissue to
reach an ovule. Finally, the tube tip bursts and releases the
sperm cells for fertilization. The entire process of delivery to
the egg requires careful control of pollen cell mechanics to pre-
vent premature lysing while also maintaining rapid growth.®
A deeper understanding of the mechanics of this process is
relevant to agriculture, ecology, and climate change, as all
angiosperms require pollen to reproduce and pollen grains are
sensitive to high temperature.®
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Both mechanical and signaling components are known to
contribute to pollen hydration. The pollen grain cell wall is mostly
covered by a tough and water-insoluble outer layer called the
exine. Areas of the wall lacking the exine, called apertures, allow
for folding and unfolding of the cell wall and can provide a route
for pollen tube emergence and water entry.’ The exine is covered
in a lipid and protein-based layer called the pollen coat, compo-
nents of which are essential for establishing a productive interac-
tion with the stigma prior to hydration.'® Pectin in the cell wall may
also contribute to pollen hydration dynamics.”''® In the plasma
membrane, aquaporins are important for water transport during
in vivo hydration,'* and the mechanosensitive (MS) ion channel
MscS-like (MSL)8 plays a key role in maintaining pollen grain integ-
rity during hydration and germination.’>~'” Several signaling pro-
teins, such as those related to the SnRK1 complex, are required
for pollen hydration on the stigma.®

MS channels are known to contribute to cell survival and/or vol-
ume regulation during hypoosmotic shock in all kingdoms of
life.>'®2° This function has been explored in E. coli where MS
channels of small (MscS) and large (MscL) conductance open in
response to elevated membrane tension.”’* MscS and MscL
are required for E. coli to survive and recover from hypoosmotic
shock,?*2® supporting a hypothesis wherein mechanosensitive
channels serve as “osmotic safety valves.”??*" According to
this theory, the increase in plasma membrane tension caused by
cell swelling opens MscS and MscL channels, leading to the
release of osmolytes, reducing turgor pressure, and preventing
cellular lysis. In support of this idea, mathematical models of hypo-
osmotic shock require MscS and MscL channel activity to accu-
rately simulate the observed volume changes of E. coli cells.®?

We have previously proposed that MSL8 performs a similar
function in pollen.''® MSL8 localizes to the plasma membrane,
and pollen lacking MSL8 shows a dramatically decreased
viability compared with wild type (WT) after 2 h of in vitro hydra-
tion in water.'® Moreover, when pore-blocking point mutations
are introduced into MSLS, or it is not properly localized to the
plasma membrane, pollen grains no longer maintain viability dur-
ing in vitro hydration.'®** Although these observations support
the idea that like bacterial MS ion channels, MSL8 acts as an
osmotic safety valve, direct evidence of ion flux through MSL8
during the early stages of hydration is lacking. Given the complex
genetic interactions between MSL8 and the cell wall integrity
signaling pathway,'” it is possible that MSL8 contributes to
cellular integrity during hydration through signaling rather than
through ion flux, or that ion flux through MSL8 has functions
other than osmoregulation. Here, we combined experiments
and mathematical modeling to test the osmotic safety valve hy-
pothesis for MSL8 function in pollen hydration.

RESULTS

In vitro hydrating pollen grains lacking MSL8 continue to
expand for minutes, whereas WT grains stabilize within
30s

To better understand the mechanics of pollen hydration and test
our hypothesis that MSL8 is a tension-gated osmoregulator, we
developed an assay to quantify pollen size changes during the
initial stages of hydration. Fresh pollen was placed onto a glass
bottom dish for imaging, and a recording sequence was started
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directly before a drop of deionized (DI) water was applied. Most
pollen grains stuck to the bottom of the dish, allowing for consis-
tent imaging (Figure 1A). By the end of hydration, WT pollen
expanded ~6.5 um in width but shrank ~1.5 um in length (Fig-
ure 1B). Any pollen that visibly burst was excluded from the
analysis.

We took measurements every ~0.5 s over the course of
165 s and used these dimensions to estimate the volume of
an approximated 3-dimensional ellipsoid shape lying on the
substrate. We then calculated the relative volume change:
(initial volume — current volume)/initial volume. This value al-
lowed us to normalize against variation in the initial desiccated
grain size between WT and ms/8 mutant pollen (Figures S1A-
S1D). WT pollen grains rapidly expanded, and after about
28 s of exposure to DI water, stabilized with a final volume in-
crease of ~60% that did not significantly change after 165 s of
exposure (Figures 1C, 1D, and S1E). We repeated this assay
with pollen from an ms/8 null mutant, ms/8-5, that was previ-
ously created via CRISPR-Cas9 gene editing."”” As
expected,'®"” ms/8 mutant pollen had a higher number of
bursting events than the WT (12% versus 1.5%; Figure S1F).
Although msI8 pollen grains that remained intact for the dura-
tion of the assay initially swelled with the same kinetics as
WT pollen, they continued to expand in both length and width
throughout the time course, achieving an extra 12% expansion
after initial rapid hydration (Figures 1C, 1D, and S1G). We
observed this same phenotype in another ms/i8 mutant line
(msI8-8) and two msl7-1 msi8 mutant lines (ms/7-1 msl8-6
and msl7-1 msl8-7)'" (Figure S1H). MSL7 is closely related to
MSLS8 but is expressed only in pollen tubes and stigma cells,
and there is no known phenotype for ms/7-1 mutants.'” These
results suggested that MSLS8 is required to control the buildup
of turgor in response to hypoosmotic swelling, which follows
our hypothesis that MSL8 acts as an osmotic safety valve.

A simple kinetic model of pollen hypoosmotic swelling
fails to reproduce experimental observations
To simulate the experimental data and test our assumptions
about the system, we developed an ordinary differential equation
that describes pollen grain expansion. This model incorporated
several key properties of pollen, including an osmolyte-rich pro-
toplast, a resilient cell wall, and MSL8 channel function. We
approximated the pollen grain as a sphere and modeled the
outside of the pollen grain as a single unit, with cell wall stiffness
resisting internal turgor pressure. The parameter values used are
shown in Table 1 and further explained in the STAR Methods.
The membrane stiffness was used for calculating membrane
tension, but its contribution to cell stiffness was considered
negligible. We assumed that the plasma membrane does not
renew (see discussion). Most parameter values were estimated
using existing measurements in the literature,'>?%23:34-37 pyt
those that were unavailable were fitted to the data.

Each time step of the simulation began by calculating the
membrane tension (c) based on the stiffness of the membrane
and the size of the pollen grain at that point in time:

(Equation 1)
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Figure 1. In vitro hydrating msI8 mutant pollen grains continue to expand, while WT grains stabilize within 28 s
(A) Image of Arabidopsis thaliana pollen before and after addition of DI water. Scale bars, 50 um.
(B) Length and width both before and after in vitro hydration of WT pollen (n = 100 grains per treatment). Boxes are 1st quartile, median, and 3rd quartile, while

whiskers are minimum and maximum values.

(C) Relative pollen grain volume over time (n = 100 grains per genotype). Volume calculated assuming an ellipsoid shape and each pollen grain is normalized to

itself. Bars are 95% confidence intervals (Cl).

(D) Comparison of the relative volume after the initial rapid hydration (the 28 s time point) and at the end of the assay (165 s). These time points are indicated with
arrows in (C). The Mann-Whitney test was used to compare ms/8-5 with itself (p < 0.005) and WT with itself (p = 0.70).

See also Figure S1.

where K., is the membrane stiffness, r is the radius, and rg is the
initial radius. Our initial model assumed that when membrane
tension reaches the opening tension (copen) threshold of MSLS,
the channel will begin to release osmolytes. When the membrane
tension drops back below the threshold, osmolyte release stops.
The rate of change in osmolyte concentration is

dco

at
where cg is the total number of osmolyte molecules divided
by the initial volume and kgyx is the rate of ion flux through
MSLS8. Finally, we calculated the current osmolyte concentration

(©):

= — KnuxCo if 0> 0open, (Equation 2)

3 .
c = Cg( ro/y > . (Equation 3)

Then, we determined the change in radius (r) as water follows
the osmotic gradient and enters the pollen grain:

% - L, [RT(C — Cot) — 2< g ) ( é — 1 )} (Equation 4)

where L, is the water permeability, K is the stiffness of the cell
wall, Cext is the external osmolyte concentration, R is the

Boltzmann constant, and T is temperature. The second term in-
side the brackets represents the Laplace pressure correspond-
ing to the membrane tension.

We ran two initial simulations: one that included the MSL8
channel function (representing WT pollen) and one that
removed channel function such that osmolytes never exit the
grain (representing msl8 pollen) (Figure 2A). This simulation
assumed that when the gating tension is reached, all channels
open to release osmolytes. We did test the idea that channels
open gradually by incorporating a slow increase in the Kqux
value after ogpen is reached, but it did not make any appre-
ciable difference in the results. Thus, we retained the assump-
tion that all channels open at once when cqpen is surpassed.
We noticed three main discrepancies between the simulations
and experimental data or the accepted values from the litera-
ture. First, the predicted membrane tension was about four
times higher than the estimated membrane lytic tension of a
protoplast (10 mN m~7),%® as shown on the right y axis in Fig-
ure 2A. Second, the WT simulation showed volume increasing
rapidly, peaking, and then steadily decreasing, whereas exper-
imental data showed WT pollen volume stabilizing after about
30 s. Third, the ms/8 simulation predicted a relatively rapid sta-
bilization of the volume, but experimental data showed
continued expansion for at least 150 s.
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Table 1. Parameters used in pollen hydration models

Notation

Value used

Definition

Reference

Physical property of the cell

ro 1.05 x 10 °m Initial cell radius Direct measurement; Figure 1
K 87.5Nm™" Stiffness calculated by multiplying Nezhad et al.®’ (elastic modulus);
the elastic modulus of the cell wall Suzuki et al.*® (wall thickness
(350 MPa) by the cell wall thickness estimated from TEM image of WT)
(0.25 um)
Km 0.230Nm™’ Membrane stiffness Wolfe and Steponkus®*
Co 1.81OR 1.54 M Total number of osmolytes divided Fitted to data
by the initial cell volume
Coxt oM External osmotic concentration. Property of deionized water;
0.33 M Assumed to be 0 for water, calculated Schiller et al.** (PEG)
for 20% PEG.
Lo 8.89 x 107" mPa s @b Water permeability Fitted to data
1.04 x 107®mPa's'°
€min 0.164° Strain value that induces stress; Fitted to data
0.150° dimensionless
0.126°
MSL8 channel
Gopen 0.005 Nm™" Estimated gating tension of MSLS8; Sukharev®®
make this infinitely large to get the
msl8 simulation
Kiiux 2.36 x 10357’ Rate of osmolyte release out of MSL8 Estimated from conductance
(Hamilton et al.’®) and channel
number (Chure et al.?)
Kinact 0.0322 s~ Rate at which MSL8 inactivates Fitted to data

Nonlinear elastic wall

Pe 2.56 x 106 Pa®® Pressure threshold at which the pollen Fitted to data
2.06 x 10° Pa® grain begins to deform

kp 8.26 x 1079 Pa~'s '@ Rate constant for viscous deformation Fitted to data
7.47 x 10~ °pPa~'g'° of the pollen grain

Constants

RT 2.48 x 106Jm—3M Thermodynamic values -

(gas constant, temperature)

8Used in the basic model
PUsed in the inactivation models
°Used in the cell wall strengthening model

Variations on the initial model that include membrane

unfolding and nonlinear elastic cell wall behavior better

reproduce experimental observations

0 = Kn(e— emin)if €>éemin.

(Equation 6)

Incorporation of membrane unfolding lowered the final simu-

To address the first two discrepancies, we considered possible
differences between the pollen grain and other systems that
show experimental volume overshoots (E. coli®® and yeast®).
Freeze-fracture imaging of dry pollen“® suggests that the desic-
cated pollen membrane may not be taut but rather has folds of ex-
tra material that allow it to expand to some extent without added
tension. Simulating this effect involved calculating a strain (¢) value:
r

e=——1.

(Equation 5)
o

Once the strain reached a threshold (gqin), it was assumed that
all membrane reserves had fully unfolded, and membrane ten-
sion started to build:
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lated membrane tension to physically reasonable values and
removed some of the overshoot seen in the WT simulation (Fig-
ure 2B). In all models hereafter, we adjusted e, to keep WT
tension below the lytic level.

Nevertheless, the ms/8 simulation in the membrane-unfolding
model still showed a stabilized volume rather than the charac-
teristic continued expansion seen in wet lab experiments (Fig-
ure 2B). Plant cell walls are structurally complex and mechan-
ically dynamic and therefore are unlikely to behave as a
simple, linear elastic material.*’ To see if a different material
behavior could better simulate the experimental data, we incor-
porated nonlinear elasticity into the model by calculating the
cell pressure (p):
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Figure 2. Multiple kinetic models of pollen hydration volume compared with experimental observations

(A) Simulations from the initial model for pollen hydration, which assumes that osmolyte release through the MSL8 channel begins when the tension threshold
(0open) is met, then channel function ceases when the tension decreases past the threshold. There is no osmolyte release in the ms/8 simulation.

(B) Simulations from the membrane-unfolding model, which is the initial model plus the assumption that membrane tension does not increase until the cell

reaches a certain amount of strain (emn)-

(C) Simulations from the membrane-unfolding + nonlinear elastic deformation model (referred to hereafter as the “basic model”). Additional deformation of the cell

wall occurs when the pressure exceeds a critical threshold (p).

(D) The time-inactivation model assumes that ion flux through the MSL8 channel function begins when the tension threshold (c4pen) is met, then channel function
ceases after a period of time (kinact). Nonlinear elastic deformation of the cell wall is possible in both WT and ms/8 simulations.

(E) The decreasing tension-inactivation model assumes that ion flux through the MSL8 channel begins when the tension threshold (c4pen) is met, then ceases as
soon as membrane tension begins to decrease. Nonlinear elastic deformation of the cell wall is possible in both WT and ms/8 simulations.

(F) The cell wall strengthening model that assumes MSL8-dependent cell wall strengthening but no osmoregulation. Nonlinear elastic deformation is possible in

the msl8 model but not the WT.

The estimated lytic membrane tension threshold is indicated (“LT” = 10 mN m~"). See also Figure S2.

p = 2K(r£—1>/r (Equation 7)
0

and setting a critical pressure threshold (p.). Only after the pres-

sure exceeded this critical pressure would the cell wall undergo a

nonlinear deformation (strain softening), determined by a defor-

mation rate constant (kp):

ar

- LP[RT(C—ceXz) —2(5)(%_1)]

+ko(p — po)rif p>pc. (Equation 8)

We termed this model, which incorporates both membrane
unfolding and nonlinear elastic cell wall behavior, the “basic
model.” The basic model predictions aligned well with experi-
mental observations in that WT pollen grains stabilized in volume
while msI8 pollen continued to expand (a slight overshoot in WT
remained; Figure 2C). Membrane tension in the ms/8 simulation
did rise above the lytic tension, but we did not consider this to
be unrealistic because ms/8 pollen can explode during the hy-
dration process (Figure S1C)."®> We note that the basic model

is insensitive to changes in cell wall modulus values between 5
and 5,000 MPa (Figure S2A).

Adding channel inactivation or MSL8-dependent effects
on cell wall stiffness produce models that fit
experimental data

We next tested the effect of several variations on MSL8 channel
behavior on the ability of the model to remove the overshoot
and produce a stable volume in WT pollen grains after ~30 s
of hydration. Adjusting the threshold gating tension (copen) Of
the MSL8 channel or assuming different osmolyte buildup
before or during hydration did not produce improved fits (Fig-
ure S2B) but three other variations did (Figures 2D and 2F).
The first variation, which we call the “time-inactivation model,”
assumed that channel inactivation occurs spontaneously with a
fixed rate. This phenomenon has been suspected to occur with
other MS channels, and is a well-documented behavior of
MscS.*? We introduced a closing rate (Kinact) for MSL8 that
was determined by fitting to the experimental data (Table 1).
The closing rate was used to modify the rate at which osmo-
lytes were released:
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dki flux
at

= — KinactKaux if > 0. (Equation 9)

Compared with the basic model, the time-inactivation model
had improved fit to the experimental data, but it retained a small,
temporary volume overshoot in the WT (Figure 2D).

A second model variation, the “decreasing tension-inactivation
model,” assumed that inactivation occurred as soon as the mem-
brane tension started to decrease (but not necessarily dropping
below the closing tension threshold of the channel). MSL10 shows
a related behavior in that its threshold tension and open probabil-
ity are dependent on the rate at which tension is applied to the
membrane.*>*** Incorporating this modification into the basic
model only required that kg x be set to zero when the change in
membrane tension (do /dt) becomes less than zero. The
decreasing tension-inactivation model variation fit the data well
(Figure 2E). The curve shapes for both WT and ms/8 pollen simu-
lations were indistinguishable from the experimental data. Howev-
er, as in the time-inactivation model, membrane tension in the
msl8 mutant simulation was 1.3-2 times over the estimated lytic
tension of a protoplast membrane. Although ms/8 mutant pollen
does burst, many grains remain intact (Figure S1C), suggesting
that the cell wall helps support the membrane.

We next asked if MSL8 might contribute to pollen survival not
directly through the release of osmolytes but indirectly through
modulation of cell wall stiffness. MSL8 could either promote stiff-
ening or suppress softening. In the “cell wall strengthening
model,” we removed all osmotic regulation by MSL8 by setting
the kgux value to zero. Instead, we assumed that the presence
of MSL8 channels reinforces the cell wall, thus making it more
resistant to nonlinear elastic deformation. This is reflected in
the model by making the WT cell wall resistant to additional
expansion (i.e., omitting the deformation term) while the ms/8
simulation undergoes deformation past the p. pressure
threshold (i.e., retaining the deformation term). Due to the
assumption that osmolytes do not leave the pollen grain in either
simulation, the cq value was fitted to the WT experimental data
instead of ms/8 (STAR Methods). Compared with the osmoregu-
lation-based models, this model resulted in poorer accuracy in
that the values do not line up with the experimental results, espe-
cially around 30 s into hydration (Figure 2F). However, the overall
curve shapes were similar to the experimental results in this
model. Thus, the experimental behavior of WT and ms/8 pollen
grains during the first 150 s of hydration can be reasonably
well simulated with a channel that inactivates or one that serves
to strengthen the cell wall. We also tested the possibility that
MSL8 suppresses the buildup of osmolytes (without effective os-
molyte release through the channel) either during development
or during the hydration process (Figures S2C-S2E), but neither
simulation aligned well with the experimental data.

Hydration in an osmolyte-rich solution restores volume
stabilization in ms/8 mutant pollen and in all three model
variations

To further probe the role of MSL8 as an osmoregulator during
pollen hydration, we tested the robustness of each model to
experimental perturbations. We measured the response of WT
and ms/8 mutant pollen to hydration in an osmolyte-rich solution,
which we predicted would reduce the hypoosmotic shock and

6 Current Biology 32, 1-14, July 11, 2022

Current Biology

thus suppress the requirement for MSL8 to stabilize the pollen
volume. We previously found that hydration of ms/8-4 pollen in
a PEG 3350 solution instead of water helped restore pollen
viability.” We replicated that approach here by hydrating the
pollen in 20% (w/v) PEG 3350 and recording the first 150 s of hy-
dration. As shown in Figures 3A and S3A, the stabilization of WT
pollen volume after 50 s of hydration was unaffected by the addi-
tion of PEG to the hydration solution. Although the rapid initial hy-
dration of ms/8-5 pollen was also unaffected, its continued
expansion in DI water was suppressed in 20% PEG
(Figures 3A and S3B). Linear regression to quantify the slope be-
tween 50 and 150 s of hydration indicated that although the slope
of the WT volume curve was zero in both water and PEG, the vol-
ume curve of msi8-5 in water had a slope that was significantly
nonzero in water (p < 0.001) but zero in 20% PEG (Figure 3B).

We next challenged our simulations with hydration in the pres-
ence of PEG. To do so, we adjusted the external osmotic con-
centration, cey, in the change in radius calculation (Equation 4).
To simulate hydration in 20% PEG 3350, we used a Cey; Of 0.326
Osm.*® To simulate hydration in water, co,: was set to 0 (as in
previous iterations of the model). Simulations were carried out
for the two inactivation models and the cell wall strengthening
model, and the simulated slopes were calculated (Figures 3C
and S3C-S3E). All three models predicted a stabilization of the
msl8 pollen volume in the presence of 20% PEG, consistent
with our expectations and with the experimental data shown in
Figures 3A and 3B. The difference in final volumes seen in the
model (but not in the wet lab data) was not solved by simulating
strain stiffening of the cell wall (Figure S3F).

The cell wall strengthening model best simulated the
effects of additional desiccation on msi8 mutant pollen
If, as hypothesized, MSL8 functions as an osmoregulator,
increasing cytoplasmic osmolarity could exacerbate the msi/8
mutant phenotype. To test the effect of cytoplasmic osmolarity
on pollen hydration, we placed freshly dehiscent pollen in a vac-
uum chamber overnight for additional dehydration before starting
the hydration imaging assay. We found that, for the most part, this
treatment had no effect on the initial volume (Figure S4A) or the ki-
netics of pollen volume changes during hydration (Figure 4A).
However, this extra-desiccated pollen had a slightly higher relative
volume change after hydration than pollen incubated overnight at
ambient conditions. For WT pollen, a slight increase was not sta-
tistically significant. However, msl8-5 pollen swelled significantly
more when extra-desiccated (Figure 4B).

To simulate the effect of extra desiccation in the three models,
the initial osmotic concentration (cg) parameter was increased.
We found that increasing co by more than 10% resulted in
extremely high membrane tension (Figure S4B). Thus, we tested
2%, 5%, and 10% increases in cg and examined the predicted
final relative volume and membrane tension (Figures 4C-4E
and S4C-S4E). In time-inactivation model simulations and, to
some degree, the decreasing tension-inactivation model simula-
tions, ms/8 and WT pollen increased both final volume and mem-
brane tension with increasing cq (Figures 4C and 4D). However,
cell wall strengthening model simulations showed increased
swelling and tension in ms/8 pollen with increasing co, whereas
WT pollen did not change appreciably (Figure 4E). Thus,
increasing cytoplasmic osmolarity through extra desiccation
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(A) The stabilization period (between 50 and 150 s after the addition of the hydration solution) of WT (top) and ms/8-5 (bottom) pollen grains hydrated in water (0%)
or in 20% (w/v) PEG 3350 (n = 30 pollen grains for each genotype and treatment). Bars are 95% ClI. Full-length curves are in Figure S3. There is no significant
difference between the final relative volume change of WT in 0% and 20% PEG (Mann-Whitney test; p = 0.39), but there is a significant difference between

msl8-5 in 0% and 20% PEG (Mann-Whitney test; p = 0.042).

(B) Slopes of the data in (A), estimated via simple linear regression for each genotype and treatment. Asterisks indicate the slope was significantly different from

zero (p < 0.05), which was determined via F test.
(C) Simulations of hydration in water and 20% PEG via modification of Cext.
See also Figure S3.

exacerbated swelling in ms/8 mutant pollen, but not in the WT, as
predicted by our hypothesis that MSL8 functions as an osmore-
gulator during hydration. However, the fact that the cell wall
strengthening model was the best at simulating this effect sug-
gested that cell wall extensibility rather than osmolyte release
could be the key difference between WT and ms/8 mutant pollen
under these conditions.

Overexpressing MSL8-YFP does not affect pollen vol-
ume stabilization, and this was best replicated in the
decreasing tension-inactivation and cell wall strength-
ening models

Next, we examined the effect of increased MSL8 channel num-
ber on pollen grain volume during hydration. If MSL8 functions
as an osmotic safety valve, we would expect that additional
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Figure 4. Increasing cytoplasmic osmolarity exacerbates swelling in ms/8 mutant pollen during hydration
(A) Relative size change over time of hydrating WT (top) and ms/8-5 (bottom) pollen grains incubated overnight in either a vacuum chamber or ambient conditions

(n = 30 pollen grains per genotype per treatment). Bars are 95% ClI.

(B) Final (150 s after hydration) relative volume change for pollen grains in the experiment shown in (A). Mann-Whitney U test performed between the extra-
desiccated and ambient treatment for each genotype. Grubbs test for outliers did not identify any outliers. ms/8-5 p value = 0.042. WT p value = 0.22.
(C-E) Final relative volume and membrane tension in simulations after altering c in the indicated kinetic models.

See also Figure S4.

channels would release more osmolytes and result in a lower
final volume after pollen hydration. We therefore overexpressed
MSL8-YFP via the pollen-specific LAT52 promoter (LAT52-
oro:MSL8-YFP)'>*® in the Col-0 background. This construct
was previously characterized in the Ler background, where
MSL8 transcript levels were up to 12 times higher in MSL8-
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YFP overexpression lines than in the WT."®"® These lines are
likely to have increased MSL8 channel conductance, as overex-
pressed MSL8-YFP protein has normal subcellular localization in
hydrated pollen grains,'>'® and introducing a pore-blocking mu-
tation prevented MSL8-YFP overexpression phenotypes.'® We
identified four heterozygous overexpression lines (OE 13, 17,
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(D) Cell wall strengthening model results. Note that there is no effective osmolyte release (i.e., no kaux parameter); thus, this result is the same as in Figure 2F.

See also Figure S5.

20, and 27) with strong YFP fluorescence in pollen grains (Fig-
ure S5A). We were unable to identify homozygous lines, likely
due to previously documented effects of MSL8 overexpression
on male fertility.">'® Although pollen grains overexpressing
MSL8-YFP were smaller than WT pollen (Figure S5B), their rela-
tive volume change curves were indistinguishable from those of
WT pollen (Figure 5A).

To include MSL8 overexpression in the models, effective
channel activity was increased by modifying the channel ion
flux rate, kqux.- We set 0% channel function to be equivalent to
msl/8 while 100% channel function was equivalent to WT.
Further increases in kgux represented MSL8 overexpression.
Both the time-inactivation model and the decreasing tension-
inactivation model were relatively insensitive to kqux; hence,
channel function could be increased up to 1,000% without re-
sulting in a relative volume change lower than 0.5, which is
the lower end of the 95% confidence intervals (Figures 5B
and 5C). The time-inactivation model showed an overshoot
and recovery when channel function was high, which was not
reflected in the experimental data (Figure 5A). However, the
decreasing tension-inactivation model fit the experimental
data well, with very little effect from increased channel function.
The cell wall strengthening model does not have channel

function; hence, there was no kg 4 value to increase and this
model therefore matched this experimental result (Figure 5D).
To summarize, we found that, unexpectedly, overexpressing
MSL8-GFP did not alter the kinetics of swelling in hydration ex-
periments. Furthermore, two of our models (decreasing ten-
sion-inactivation and cell wall strengthening) simulated the
experimental data well, suggesting that MSL8 does not func-
tion as a simple tension-gated osmoregulator.

Pore-blocked MSL8 channels do not prevent
overexpansion during pollen hydration

We next tested to see if ion flux through MSL8 was required for
volume stabilization. To do this, we used a MSL8 point mutation
(MSL8F"2°Y previously shown to abolish ion conductance and
fail to protect pollen during hydration.'® MSL8-GFP or
MSL8M"2°-_GFP was expressed from the MSL8 promoter in the
msl8-5 background using previously described transgenes
(MSL8p0:MSL8-GFP and MSL8,,,,:MSL87?°“-GFP)."® Three
lines were selected for each transgene, and stable, full-length
protein expression was confirmed via immunoblot (Figure SE6A).
Phenotypes were assessed using the initial hydration assay (Fig-
ure S6B). As expected, a transgene harboring the genomic
version of MSL8 complemented the ms/8-5 phenotype, as
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(B) Slopes estimated via simple linear regression for each genotype. Asterisks indicate that the slope was significantly different from zero (marked with a dashed

line) which was determined via F test (p < 0.05). Bars are 95% CI.
See also Figure S6.

msl8-5 MSL8,,,,:MSL8-GFP pollen stabilized in volume between
50 and 150 s of hydration (Figure 6A). Quantification showed a
slope that was not significantly different from zero in all three
lines (Figure 6B). However, msi8-5 MSL8,,,:MSL8" 7?°-GFP pol-
len continued to expand, similar to ms/8-5 pollen, and showed a
nonzero slope between 50 and 150 s (Figures 6A and 6B). Thus,
osmolyte conductance through MSL8 is necessary for the vol-
ume stabilization seen in WT pollen.

DISCUSSION

Plant cell mechanics is complicated by the presence of a cell wall
and multiple atmospheres of turgor pressure. In vitro pollen grain
hydration represents a relatively simple starting place for
modeling plant cell mechanics due to the absence of neighbors,

10 Current Biology 32, 1-14, July 11, 2022

the isotropic nature of expansion, and the involvement of a single
MS ion channel, MSL8. Here, we characterized the kinetics of
pollen swelling during the first 150 s of pollen hydration under
a range of osmotic conditions and MSLS8 levels. In addition, we
developed and tested several related models of pollen hydration
that incorporated different assumptions about cell wall me-
chanics, membrane mechanics, and MS channel function.
Multiple mathematical descriptions of pollen tube tip growth®4”
and of pollen grain desiccation and swelling*®°° have been
developed but do not directly address the role of MS channels.
Here, our primary goal was to test the hypothesis that MSL8
acts as an osmotic safety valve to regulate pollen volume during
the hypoosmotic shock of hydration, as is well-established for
bacterial MS channels.?* ' We conclude that our results do
not support this hypothesis.
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The role of the membrane
It is likely that the desiccated state of the pollen grain affects the
function of any membrane-embedded proteins, including MS ion
channels. Although there is some discrepancy,® ' freeze-fracture
electron microscopy studies indicate a continuous membrane
around the outside of the pollen protoplast during early hydra-
tion.*®>3 However, these membranes show ruffling and may not
be under tension.**>® Such folds could delay the buildup of mem-
brane tension, changing the kinetics of MS ion channels. Incorpo-
rating this possibility into our model made it more accurate by pro-
ducing a realistic membrane tension and reducing the volume
overshoot. Large membrane reserves have been previously docu-
mented in animal cells®*° and may serve as a mechanism for pre-
venting or delaying the activation of mechanosensitive processes.
Another consideration is membrane renewal via exocytosis.
We found that not all ms/8 pollen grains burst (Figure S1C), but
our modeling suggested a membrane tension that rises above
a lytic threshold (Figures 2C-2F). How is the membrane avoiding
rupture? We find it unlikely that additional plasma membrane is
being exocytosed during hydration, as (1) it takes over a minute
for fluorescent protein to be transported to the tip of an actively
growing pollen tube tip,°” (2) complete plasma membrane
renewal is estimated to take between 10 min (in nonexpanding
cells) and 3 h (in expanding cells),’® and (3) the desiccated pollen
grain is in a state of metabolic inactivity.® Instead, the cell wall
may be providing additional support to the membrane. Future
studies should seek to further understand the nature of the
desiccated pollen grain membrane, its interactions with the cell
wall, and its influence on hydration mechanics.

The role of the cell wall

Plant cell wall material is described as “viscoelastoplastic,”
meaning it behaves as an elastic material until a high enough
force is applied, then it exhibits stress relaxation as part of the
viscoplastic response.®® This material property is thought to be
the result of many cell wall components interacting and contrib-
uting strength and/or flexibility.” Indeed, a pollen hydration
model that assumed the wall is a simple elastic material did
not capture the volume dynamics we observed experimentally,
and we were unable to simulate the slow expansion seen in
msl8 pollen (compare red lines in Figures 2A and 2B). By incor-
porating nonlinear deformation past a pressure threshold (rather
than a limiting pressure threshold), we were able to simulate
experimental results in the basic model (Figure 2C). Although
this did create a small overshoot in the WT simulation , in the
model variations , the pressure threshold was never reached,
there was no additional deformation of the cell wall and the vol-
ume remained stable, aligning with our experimental results
(Figures 2D-2F). Additional aspects of cell wall mechanics,
such as the hydration of absorbent pectin gels,'®'*%° should
be incorporated into future iterations of the model and may
address the discrepancy between this model and experimental
results when pollen is hydrated in 20% PEG (Figures 3A and
S3C-S3E).

Most pollen cell walls are nonuniform, with large gaps in the
exine layer that expose the intine beneath to the environment.®’
Other models have addressed the role of such apertures on
desiccation*®*® and hydration.*® Bozié and Siber considered
the structure of the cell wall as a function of volume (which is a

¢? CellPress

fixed parameter) and developed a model to determine how dif-
ferences in wall stiffness influence the possibility of bursting in
pollen with a single pore-like aperture.”® Arabidopsis pollen
has larger, elongated apertures that primarily contribute to
expansion latitudinally.® After the first 20 s of hydration, ms/8 pol-
len grains continue to expand equally in both the length and
width directions (Figure S1G), suggesting that this phenotype
is distinct from aperture unfolding. However, future models
should consider the influence of apertures on Arabidopsis pollen
hydration mechanics and the potential role of cell wall heteroge-
neity in preventing bursting.

MSLS8 does not function as a simple osmotic safety valve
during pollen hydration

Our previous characterizations of MSL8's role in maintaining pol-
len viability led us to hypothesize that it acts as an osmotic safety
valve, similar to MscS in E. coli.®6:24-28:31:32.62 |nqeed, a pore-
blocked MSL8 variant was unable to rescue the ms/8 phenotype,
confirming that ion flux through the channel is necessary in some
capacity to prevent over-expansion during pollen hydration
(Figure 6). However, our basic model, wherein MSL8 acts as a
simple osmotic safety valve, did not fit the experimental data (Fig-
ure 2C). We thus added three variations to the basic model: (1)
MSLS8 inactivates after some time; (2) MSL8 inactivates when
the tension starts to decrease; and (3) the key aspect of MSL8
channel function is not osmoregulation, but cell wall stiffening.
Below, we discuss these three possibilities in the context of exist-
ing literature on MS channel dynamics and cell wall mechanics.

Time inactivation or decreasing tension inactivation of
MSLS8

Modeling channel inactivation after time passed (time inactiva-
tion; Figure 2D) or after tension began to decrease (decreasing
tension inactivation; Figure 2E) either partially or fully recapitu-
lated the volume stabilization seen in WT pollen, respectively.
Both models successfully predicted the effects of PEG hydration
and extra desiccation on ms/8 pollen. The time-inactivation
model failed to predict several experimental observations;
furthermore, time inactivation has not been observed for
MSLS8."® In fact, MSL1,%® MSL10,*® and MSL8'* all close much
more slowly than they open, thereby maintaining an extended
open state.

Cell wall strengthening by MSL8

This model successfully predicted the effect of hydration in PEG
(Figure 3C) and extra desiccation on both WT and msl/8 pollen
(Figure 4E), as well as the hydration phenotype of pollen overex-
pressing MSL8-YFP (Figure 5D). However, these results beg the
question: how would ion flux through MSL8 affect cell wall prop-
erties? MSLS8 is likely to transport anions,'® so its activation
would depolarize the membrane and both directly and indirectly
alter apoplastic anion concentrations and pH. Several compo-
nents that impact the stiffness of the cell wall in the cell wall,
such as cellulose, hemicellulose, and pectin, have complex elec-
trostatic interactions®® that could be affected by the ionic
strength of the apoplast. Moreover, recently reported complex
interactions between MSL8 and the cell wall integrity pathway,
including modification of callose deposition shortly before and
after pollen germination, suggest a role for MSL8 in adaptive
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cell wall responses.'” Future studies of the effect of MSL8 on cell
wall composition and strength will be crucial to experimentally
test this intriguing model.

Conclusions and future directions

The data presented here reveal that MSL8 stabilizes pollen volume
during the initial stages of hydration but not via simple osmoregu-
lation as we originally hypothesized. Rather, it suggests that the
MSL8 channel exhibits unusual inactivation behavior or that it af-
fects pollen cell wall properties. This work further highlights the
utility of mathematical modeling for testing assumptions in proper
physical context while also developing new, testable hypotheses.
We demonstrated that our assumption of MSL8 function—which
was based on MS channel function in other systems—was not
entirely correct. Future computational work should incorporate
the ellipsoid shape of the pollen grain, add cell wall heterogeneity
like apertures, and eventually address the polarized nature of
hydration and expansion that occurs in vivo and during tube
germination. Overall, we believe that this model of single plant
cell mechanics will be useful as we seek to understand how os-
motic regulation and cell wall integrity influence one another.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Elizabeth
S. Haswell (ehaswell@wustl.edu).

Materials availability
All materials generated in this study have been donated to the Arabidopsis Biological Resource Center.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.

® The MATLAB code associated with this paper has been deposited at GitHub and is publicly available as of the date of publi-
cation. The DOl is listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant Materials

Arabidopsis thaliana plants of the Columbia-0 ecotype were used in all experiments. The msl8-5, msl8-8, msl7-1msl8-6 and msl7-
1msl8-7 mutant lines were previously generated via CRISPR-Cas9 gene editing in WT or the ms/7-7 T-DNA mutant backgrounds.'”
Seed was surface-sterilized using vapor-phase chlorine (100 mL NaClO + 4 mL HCI) for 6 h before being placed on Petri dishes con-
taining 1/2X Murashige and Skoog (MS) medium, 0.8% (w/v) agar, pH 5.7. For transgene selection, 10 mg/mL phosphinothricin was
added to the MS media. The plates were incubated for two days at 4°C then transferred to a 24-h light chamber (Conviron CMP6010)
with 120 m~C s~ photons at 21°C and 50% relative humidity for 5-6 days. Seedlings were then transferred to soil and grown under
150 m~' s~ photons light intensity in a 16/8-h light/dark chamber (Conviron MTPC96FLEX) at 21°C.

Accession Numbers
The accession numbers for the genes studied here are: At2g17010 (MSL8) and At2g17000 (MSL7).

METHOD DETAILS

Constructs and plant transformation
To create pollen-specific MSL8-YFP overexpression lines, LAT52p,O:MSL8-YFP15 was introduced into Col-0 plants using Agrobacte-
rium tumefaciens GV3101 strain-mediated transformation via floral dip. Transformants were selected via spraying with a 100 mg/mL
phosphinothricin solution at the seedling stage. Expression was confirmed through fluorescence imaging of pollen grains (488 nm exci-
tation, 500-540 nm range detected) (Figure S5).

To create lines expressing MSL8 and MSL8"72°- at endogenous levels, MSL8,,,:MSL8-GFP or MSL8,,,,:MSL8 ?°-GFP'® were
introduced into ms/8-5 plants using Agrobacterium tumefaciens GV3101 strain-mediated transformation via floral dip. Transformants
were selected via spraying with a 100 mg/mL phosphinothricin solution at the seedling stage.

Expression confirmation via immunoblot

We isolated pollen from plants expressing MSL8-GFP from the MSL8 promoter via centrifugation of ~60-80 flowers in 1 mL of water.
The flowers and water were removed before exposing the pollen pellet to two freeze-thaw cycles in liquid nitrogen. The pollen was
then resuspended in 90 uL of 2X sample buffer (0.1 M Tris-HCI, 4% (v/v) SDS, 20% (v/v) Glycerol, 0.2% (v/v) bromophenol blue, and
2% (v/v) B-mercaptoethanol). 20 uL of each sample was loaded and the proteins were resolved using 10% (w/v) SDS-PAGE gel fol-
lowed by transfer to a polyvinylidene difluoride membrane at 100 mA for 12 h. After blocking in 5% (w/v) milk TBS-T, membranes were
incubated in anti-GFP (1:5000 dilution) antibodies followed by a 2 h incubation in secondary goat anti-mouse-HRP (1:10,000 dilution).
Detection was performed using the SuperSignal West Femto Detection Kit. Afterward, the blot was stripped and re-probed using the
same protocol with anti-tubulin (1:20,000 dilution) antibodies and the SuperSignal West Dura Detection Kit.

Pollen hydration imaging

Both time lapse and fluorescence imaging were performed on an Olympus FV3000 confocal laser scanning microscope using a 20X
objective. For time lapse imaging, dry pollen was placed onto a glass bottom microwell dish by gently tapping 5-8 freshly opened
flowers onto the glass. In some experiments, dishes were immediately used for imaging; in others, dishes were placed into a vacuum
chamber for a 12 h desiccation treatment or incubated on the benchtop for ambient treatment. Recording began before water was
added, and images were taken every 0.55 seconds over the course of hydration with either deionized water or 20% (w/v) PEG 3350.
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Model parameter calculations and fitting procedures

As mentioned above, parameter values were obtained from the literature where possible. We took several points into account when
calculating a cell wall stiffness value. Reported values for the Young’s modulus of pollen cell walls vary by several orders of magnitude
(20-400 MPa for pollen tubes,*”:°>%¢ 0.17 MPa for pollen grain intine,®” and 11.9-16000 MPa for exine/sporopollenin®’:°%), probably
due to different measurement and analysis techniques.®® Due to the heterogeneity of the pollen grain wall, the stiffness averaged over
the entire Arabidopsis grain is likely to be lower than those reported for exine/sporopollenin. Thus, we chose a value from the upper
range of what is reported for pollen tubes (350 MPa), and a wall thickness representative of the intine, to calculate cell wall stiffness
(Table 1). The basic model is insensitive to cell wall modulus values between 5-5000 MPa (Figure S2A).

All model code was run in MATLAB Version 9.4 (R2018a). To fit cq, the value was solved for from the steady state equation:

RT x coXr3/r* =2 xK(r — ro)/r Xro

For the basic and inactivation models, the initial radius (radius = {/3x Volume /4x) and inflection point radius taken from the ms/8-5
data were used to account for loss of osmolytes due to channel function in the WT. For the cell wall strengthening model, the initial
and final radius taken from the WT data were used.

After determining the ¢, value, the L, value was fitted to the data by solving:

ar

gt = L, XRT X co

initial

The initial (dr /dt) was determined from the relevant data set by averaging the change in radius every two seconds over the first
twenty seconds, then taking the exponential fit (ms/8-5 initial (dr /dt) = 0.38; WT initial (dr /dt) = 0.45). For other parameter values
fitted to the data (see Table 1), goodnessOfFit() with Mean Squared Error cost function was used for iterative searching of the mini-
mized error.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis for pollen hydration involved thresholding followed by particle analysis in FIJI.”® Only pollen grains that were not
touching other grains/debris and did not visibly lyse were included in the analysis. Three biological replicates (N=10 each; total
N=30) were used in every experiment. Statistical tests and graphing were performed using GraphPad Prism Version 9.1 for Windows.
Significant differences were determined assuming significance at p < 0.05. The specific statistical test used in each experiment are
in the figure legends. Figures were arranged using Adobe lllustrator Version 27.0.3 for Windows.
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