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Abstract Microsporidia are eukaryotic, obligate intracellular parasites that infect a wide range
of hosts, leading to health and economic burdens worldwide. Microsporidia use an unusual
invasion organelle called the polar tube (PT), which is ejected from a dormant spore at ultra-fast
speeds, to infect host cells. The mechanics of PT ejection are impressive. Anncaliia algerae
microsporidia spores (3-4 um in size) shoot out a 100-nm-wide PT at a speed of 300 um/sec,
creating a shear rate of 3000 sec™!. The infectious cargo, which contains two nuclei, is shot
through this narrow tube for a distance of ~60-140 um (Jaroenlak et al., 2020) and into the host
cell. Considering the large hydraulic resistance in an extremely thin tube and the
low-Reynolds-number nature of the process, it is not known how microsporidia can achieve this
ultrafast event. In this study, we use Serial Block-Face Scanning Electron Microscopy to capture
3-dimensional snapshots of A. algerae spores in different states of the PT ejection process.
Grounded in these data, we propose a theoretical framework starting with a systematic
exploration of possible topological connectivity amongst organelles, and assess the energy
requirements of the resulting models. We perform PT firing experiments in media of varying
viscosity, and use the results to rank our proposed hypotheses based on their predicted energy
requirement. We also present a possible mechanism for cargo translocation, and quantitatively
compare our predictions to experimental observations. Our study provides a comprehensive
biophysical analysis of the energy dissipation of microsporidian infection process and
demonstrates the extreme limits of cellular hydraulics.

Statement of Significance

Microsporidia are a group of spore-forming, intracellular parasites that infect a wide range of hosts
(including humans). Once triggered, microsporidian spores (3-4 um in size) shoot out a specialized
organelle called the polar tube (PT) (60-140 um long, 100 nm wide) at ultrafast speed (300 yum/sec),
penetrating host cells and acting as a conduit for the transport of infectious cargo. Although this
process has fascinated biologists for a century, the biophysical mechanisms underlying PT extru-
sion are not understood. We thus take a data-driven approach to generate models for the phys-
ical basis of PT firing and cargo transport through the PT. Our approach here demonstrates the
extreme limits of cellular hydraulics and the potential applications of biophysical approaches to
other cellular architectures.
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Introduction

Microsporidia: opportunistic intracellular parasites

Microsporidia are single-celled intracellular parasites that can infect a wide range of animal hosts
(Keeling and Fast, 2002). Microsporidia are most closely related to fungi, but diverged from other
species very early in the evolution of the fungal kingdom (Capella-Gutiérrez et al., 2012). In hu-
mans, microsporidia act as opportunistic pathogens, with the ability to infect several organ systems.
Microsporidia infection in patients with compromised immune systems can be fatal (Kotler and
Orenstein, 1998). Despite their medical importance, the treatment options for microsporidial dis-
eases remain limited (Han and Weiss, 2018; Maillard et al., 2021). The prevalence of microsporidia
is high; a systematic review in 2021 showed that the overall prevalence rate of microsporidia in-
fection in humans was estimated to be 10.2%, and the contamination rate of water bodies with
human-infecting microsporidia species is about 58.5% (Ruan et al., 2021). Infection of other ani-
mals, such as farmed fish, can lead to large economic burdens in countries that depend heavily on
these industries (Stentiford et al., 2016). Current financial losses in Southeast-Asian shrimp farm-
ing alone are estimated to be on the order of billions of dollars each year (Stentiford et al., 2016).
Microsporidia are not genetically tractable organisms at this time, which severely limits the study
of their biology and infection process.

Anatomy of a microsporidian spore

This study focuses on Anncaliia algerae (Fig. 1A), a microsporidian species that can infect both
humans and mosquitoes (Weiss and Takvorian, 2021). A. algerae spores can survive in ambient
environments for months (Becnel and Andreadis, 2014). The protective microsporidian spore coat
consists of 3 layers: 1) a proteinaceous exospore, 2) an endospore, of which chitin is the major
component, and 3) a plasma membrane. Within the spore, the polar tube (PT) infection organelle
is the most striking feature, visually appearing as a rib cage that surrounds other organelles. How
spaces in distinct organelles are topologically connected within the spore remains ambiguous. It is
likely that the PT is an extracellular organelle, which is topologically outside the plasma membrane,
but inside the spore wall (Cali et al., 2002). The PT is anchored to the apical end of the spore via a
structure called the anchoring disc, which presses up against the thinnest region of the endospore,
and is the region from which PT firing is initiated. The PT is linear at the apical end of the spore, and
then forms a series of coils, which terminate at the posterior end of the spore. The PT is arranged
as aright-handed helix that interacts closely with other spore organelles, including a vacuole at the
posterior end (known as "posterior vacuole"), and a stack of membranes called the polaroplast at
the anterior end. The posterior vacuole has been previously observed to expand during the germi-
nation process, and is thus thought to play a role during spore germination, potentially providing
a driving force for translocating cargo through the PT (Troemel and Becnel, 2015). The polaroplast
closely associates with the linear segment of the PT, and is thought to play a role in the initial stages
of the germination process by swelling and exerting a force on the spore wall, causing it to rupture
(Keohane and Weiss, 1998). It may also serve as a supplementary membrane source for the PT as
it fires from the spore.

Microsporidia eject the PT organelle at ultrafast speed to infect host cells

Microsporidian spores establish infection via a mechanism different from other parasites and
pathogens (Fig. 1 B-E). The PT mediates invasion into a host cell via an ultra-fast physical process
termed PT ejection (Weidner, 1972; Schottelius et al., 2000; Franzen et al., 2005). The PT, typically
many times the length of the spore, is coiled up to fit inside a dormant spore. Once triggered,
the spore rapidly shoots out the PT, which forms a conduit that transports the infectious cargo, or
sporoplasm, into the host cell, in a process also known as germination (Weidner, 1972; Schottelius
et al., 2000; Franzen et al., 2005). The PT of A. algerae is about 100-um-long and only 100-nm-wide
(Jaroenlak et al., 2020). Spores are capable of shooting the PT at a peak velocity up to 100-300
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Figure 1. Morphology of germinating A. algerae spores. (A)Overall organization of organelles in an A. algerae spore. The spore coat consists of 3
layers: a proteinaceous exospore (orange), a chitin-containing endospore (yellow), and a plasma membrane. Within the spore, the polar tube
(PT) (blue), which is the infection organelle, surrounds other organelles like a rib cage. The PT is anchored to the apical end of the spore via a
structure called the anchoring disc (green). At the apical end, the PT is linear, and then forms a series of coils, which end at the posterior end of
the spore. The PT interacts closely with other spore organelles, including the posterior vacuole (red), and a membranous organelle called the
polaroplast (purple). The organization of the spore shown here comes from SBF-SEM data (bright colors) and TEM images (nuclei positioning,
and plasma membrane, grey). (B-D) Examples of slices from SBF-SEM imaging and the corresponding 3D reconstructions for ungerminated (B),
incompletely germinated (C) and germinated (D) A. algerae spores. Colored according to the color key shown in (C). All scale bars are 500 nm. (E)
Kymograph of the PT ejection process in A. algerae. The PT ejection process can be divided into 3 phases: PT elongation phase (blue), PT static
phase (pink), and emergence of infectious cargo phase (green). This kymograph was generated from data deposited in Jaroenlak et al. (2020).
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um/sec (Frixione et al., 1992; Jaroenlak et al., 2020) (Fig. 1E). Once fired, the extruded PT is roughly
two times longer than when it is coiled in the dormant spore (Jaroenlak et al., 2020). Considering
the thin cross-section of the tube (100 nm), the shear rate (defined as shear per unit time) experi-
enced by the PT is on the order of 3000 sec™!, which is an order of magnitude larger than the wall
shear rate on the human aorta (300-800 sec™') (Gogia and Neelamegham, 2015). While the exact
nature of the cargo being transported through the tube into the host is not known, it is thought
that the entire contents of the microsporidian cell are likely to be transported. For A. algerae, this
includes two identical nuclei and other organelles. Using these nuclei as a marker, translocation of
cargo through the PT has recently been visualized by high-speed imaging (Jaroenlak et al., 2020),
showing that cargo transport occurs on a timescale similar to PT extrusion.

Lack of biophysical models explaining the microsporidian infection process
Because of the ultrafast nature of PT ejection and the high hydraulic resistance associated with
an extremely thin tube (100 nm in diameter), historically it was thought to be impossible for in-
fectious cargo to flow through the PT at a comparable speed to PT extension (Ohshima, 1927;
Weiser, 1947; Dissanaike and Canning, 1957). Consequently, several hypotheses were proposed
that were thought to be more physically plausible (see past reviews on this (Lom and Vavra, 1963;
West, 1960)), and one of these hypotheses that gained popularity was termed "jack-in-the-box"
(Ohshima, 1927; Weiser, 1947; Dissanaike and Canning, 1957). In this hypothesis, the PT is pro-
posed to rapidly spring out from the spore, with the infectious cargo attached to the end of the
PT, thus getting sprung out at the same time (West, 1960). However, the jack-in-the-box model
arises from observations in which external pressure was applied to spores, which may challenge
the interpretation of the observations (Dissanaike and Canning, 1957; West, 1960).

Later experimental evidence, such as microscopic observations of PT extrusion (Thomson, 1959;
West, 1960) and pulse-labeling of a half-ejected tube (Weidner, 1982), suggests that the PT ejec-
tion process is more likely a tube eversion process, in which the PT turns inside out as it is ex-
truded, such that only the tip is moving during germination. As the PT extrudes, the infectious
cargo squeezes through the PT and emerges at the other end. Although the eversion hypothesis
is thought to be most likely, no quantitative biophysical analysis has been done on this process,
leaving open the physical basis for the PT firing mechanism. Furthermore, the later stage of the
infection process - the expulsion of cargo through a 100 nm tube - remains poorly understood
from a physical hydrodynamics perspective, especially when we consider the low-Reynolds num-
ber nature of the flows inside the PT.

Fluids behave in fundamentally different ways as the length scale in a physical phenomenon
changes. Thus it is critical to examine the role of physical hydrodynamics at the length scales of
a single microsporidian PT by looking at the relevant dimensionless numbers. Reynolds number
quantifies the relative importance of inertia and viscous force in fluid flow. When the Reynolds
number is low, it means the effect of inertia is negligible compared to the viscous effect, and it is
impossible to drive fluid motion without boundary movements or an external driving force (Kundu
et al., 2015). From the geometry of the spore and the kinematics of the firing process, we can
estimate the upper bound of the Reynolds number (Re) of the germination process as Re = ”‘}’—f =
3x 107 — 0.018. Here p, U, L, and u stand for the mass density of fluid (1000 kg/m?), characteristic
velocity (300 um/sec), characteristic length scale, and viscosity (0.001 Pa-sec), respectively. The
lower bound and upper bound of Reynolds number are computed by using PT diameter (100 nm)
and full PT length (60 um, the largest length scale) as the characteristic length scale, respectively.
Since even the upper bound estimate of Reynolds number falls within the low Reynolds number
regime (Reynolds number smaller than O(1)), we expect the PT firing process will always be in
the low Reynolds number regime. At this Reynolds number regime, the fluid flow will stop within
10~ to 107 seconds once the boundary movement stops (in this case when the PT is completely
ejected) and the driving force disappears (Purcell, 1998). This dramatic difference from inertia-
dominated flows highlights the necessity to take a quantitative approach, accounting for both the

4 0f 23


https://doi.org/10.1101/2023.01.17.524456
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.17.524456; this version posted August 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

low-Reynolds-number physics and experimental evidence when studying the PT firing mechanism.

In this study, we perform a systematic analysis on the energy cost of the PT ejection process in
microsporidia. We take a data-driven approach to generate models for the physical basis of the PT
extrusion process and cargo transport through the PT. We use Serial Block-Face Scanning Electron
Microscopy (SBF-SEM) to obtain 3-dimensional reconstructions of spores in different stages of ger-
mination, from which we can observe snapshots of the PT ejection process. By analyzing energy
dissipation in various parts of the process, we propose a model for how infectious cargo can be
ejected while the PT is fully extruded - elucidating the physical principles of how infectious cargo
can flow through the narrow PT (Keeling and Fast, 2002) in a low Reynolds number context. Our
approach lays the foundation for a quantitative biophysical analysis of the microsporidian infection
process.

Results

3D reconstructions of spores in different stages of germination

In order to better understand the physical process of PT extrusion, and changes in PT conformation
during the extrusion process, we used SBF-SEM to capture 3-dimensional (3D) snapshots of spores
in different stages of PT extrusion. To this end, A. algerae spores were purified, activated to trigger
PT extrusion by adding germination buffer, fixed, and imaged using SBF-SEM. From the SBF-SEM
data, we obtained 3D reconstructions for spores in different configurations, which may represent
different stages of germination. We randomly selected spores and categorized them into three
states: 1) ungerminated, in which the entire PT is coiled inside the spore; 2) incompletely germi-
nated, in which the PT is partially extruded from the spore; and 3) germinated, in which the PT is
extruded, and no PT remains within the spore. Using segmentation analysis to trace the PT and all
other identifiable organelles, we reconstructed 3D models of 46 spores across the three different
states. These 3D reconstructions reveal the geometry of the PT and its spatial relationship to other
organelles such as the posterior vacuole, anchoring disc, spore wall, and nuclei (Fig. 1B-D). In the
ungerminated spore, the anterior end of the PT is straight and attached to the anchoring disc, while
the rest of the tube is coiled within the spore, as previously observed (Jaroenlak et al., 2020) (Fig.1B,
Movie S1). The posterior vacuole sits at the posterior end and is surrounded by the coiled PT. 3D
reconstructions of incompletely germinated A. algerae spores show the PT passing through the an-
choring disc, and a rearrangement of other organelles in the spore (Fig.1C, Movie S2). Germinated
spores are largely empty, and contain one major membrane-bound compartment, consistent with
the posterior vacuole. In addition, most germinated A. algerae spores are buckled, resulting in a
bean-like shape (Fig.1D, Movie S3).

Systematic evaluation of possible topological configurations of a spore

While SBF-SEM data provide insights into spore organization at the organelle level, the resolution
is not sufficient to ascertain the exact topological connectivity between these individual organelles.
For example, even though the spatial proximity between the PT and posterior vacuole is clear,
whether the end of the PT permits fluid flow between these compartments remains uncertain. To
build a physical framework for the PT ejection process, it is critical to know the topological con-
nectivity between different organelles, as the connections between organelles will determine the
boundaries in the system, affecting the fluid flow and energy dissipation. Thus, we systematically
evaluate the possible topological connections between organelles relevant to energetics calcula-
tions (Fig. 2, Table S1). We consider six key questions to cover all hypotheses, and develop a
nomenclature to describe them - (1) whether the entire tube shoots out as a slender body like
a jack-in-the-box ("J"), or in a tube eversion mode ("E") in which the PT turns inside out and thus
only the tip region is moving during the ejection process. Note that we use the term "jack-in-the-
box" only to describe the movement of PT, not the PT with its tip connected to cargo as in original
references (Dissanaike and Canning, 1957). (2) whether the original PT contentis open to the exter-
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nal environment post anchoring disc disruption or not ("OE" vs "NOE"), (3) whether the posterior
vacuole expands during the ejection process ("ExP" vs none), (4&5) whether the original PT con-
tent is connected to the sporoplasm ("PTS"), posterior vacuole ("PTPV"), or neither ("PTN"), and (6)
whether the original PT space permits fluid flow ("none"), or is closed and cannot permit fluid flow
("PTC"). Here we define the original PT contents as anything that is filled inside the PT before any
infectious cargo enters the PT space. As the germination process progresses, the PT space does
not necessarily maintain spatial proximity with the originally connected organelle. Also, when we
describe a space to be connected or open to another space, it simply means that there can be fluid
flow from one space to the other and cause energy dissipation (See Glossary).

Based on this nomenclature, 6 binary choices exist, leading to a total of 64 (26) possible topolog-
ical configurations. We next evaluate each combination to see if it is compatible with experimental
PT firing outcomes or if it is incompatible topologically. For example, the hypothesis "]-NOE-PTN"
is incompatible with experimental PT firing outcomes, as it creates an isolated PT space that would
hinder the passage of infectious cargo. Another example, "J-OE-PTS-PTC" is topologically incompat-
ible by itself, as it is contradictory to have a PT space that is open to the external environment but
is closed and cannot permit fluid flow. We apply the same compatibility criteria to these different
combinations and arrive at 10 possible configurations, which also include the historically proposed
mechanisms (Ohshima, 1927, Weiser, 1947; Dissanaike and Canning, 1957; Keeling and Fast, 2002;
Findley et al., 2005; Lom and Vavra, 1963) as listed in Table S1&S2. Based on previous imaging
of the vacuole during germination (Troemel and Becnel, 2015) and consistent with results from
volumetric reconstructions of the SBF-SEM data, we observe that the posterior vacuole volume ex-
pands during the germination process (Fig. S1). This rules out the 5 configurations that assume a
posterior vacuole that does not expand, leaving only 5 viable hypotheses (Fig. 2). For better read-
ability, in the following sections we refer to these 5 hypotheses as Model 1 through Model 5, with
their abbreviation and full meaning described in the figure.

Developing a mathematical model for PT energetics

To uncover the dynamics of the PT ejection process, it is valuable to understand energy dissipation
mechanisms in organelles associated with the PT. Cargo ejection involves the spore’s cellular con-
tents traveling through a 100-nanometer-wide tube at high velocities. To better understand this,
we explore hydrodynamics energy dissipation in this ultrafast process for the 5 viable hypotheses
proposed above. Other possible sources of energy dissipation, such as the plastic deformation of
the PT, will be addressed in the Discussion section. In the following, we provide a high-level sum-
mary of our calculation, with detailed derivations provided in Supplementary Section A.9. Here,
we do not account for the 2-fold length changes of PT before and after germination. The model,
nonetheless, can be easily modified to account for this (see Supplementary Section A.9.4). We have
reported the results in Supplementary Table S7, and the overall ranking among the proposed 5 hy-
potheses does not change.

In our calculations, we start with three sources of energy dissipation - (1) external drag (en-
ergy dissipation between a moving PT and the surroundings), (2) lubrication (energy dissipation
associated with fluid flow in a thin gap), and (3) cytoplasmic flow (energy dissipation associated
with fluid flow in a tube or pipe) (Fig. S2-S4). In the external drag term (Dy;,), we calculate the drag
along the entire PT for Model 1 because in the jack-in-the-box mode of ejection, the entire tube is
assumed to shoot out as a slender body. For the other 4 hypotheses which assume a tube ever-
sion mechanism, only the drag at the moving tip is considered since that is the only region that is
moving against the surroundings. As the drag force is linearly proportional to velocity (v), length
scale (1), and surrounding viscosity (ug,,) in low Reynolds number regimes, and the power is the
product of force and velocity, the external drag term is proportional to the square of the velocity
(DW & /"surrvzl)'

We next consider the energy dissipation via lubrication (£;;,). First, we account for lubrication
in the PT pre-eversion. Cross-sections from previous TEM studies have shown that the PT is likely
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Selection of polar tube ejection hypothesis
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Figure 2. Possible hypotheses for the topological connectivity and morphology of spore organelles. The
selection process of the hypotheses for the energetics calculation is shown. We considered 6 critical
topological questions regarding the connections between different spaces in the spore that is relevant to the
energetics calculation and developed a standard nomenclature to describe the hypotheses. The
combinatorics of the 6 questions gave us 64 hypotheses. By evaluating the topological compatibility of these
combinations, we are left with 10 hypotheses, and we further narrow this down to 5 hypotheses based on the
fact that the posterior vacuole expands during the germination process (see Figure S1). The list of all the

hypotheses is summarized in Table S1, and a detailed calculation of each hypothesis is described in Figure
S2-54.
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composed of concentric layers (Xu and Weiss, 2005). Here we account for lubrication between the
two outermost layers. Second, we include the lubrication between the uneverted part of the tube
(blue) and the everted tube (green) for Model 2 - Model 5 (the four hypotheses with tube eversion
mode). Finally, for Model 5, we also consider the lubrication between cargo and everted PT. We
consider this because this hypothesis requires both original PT content and posterior vacuole to be
open to the external environment but not to the sporoplasm, and this topology requires the cargo
to be separated from the PT by a fluid gap that is connected to the fluid in external environment.

VTY )2 L(2Rh + h?), proportional to the square
of shear rate (7> « (v/(h + 26))*) times the volume of the gap zone (zL(2RA + h?)). L is the length
of the lubrication overlapping; R is the radius of the PT; A is the thickness of the gap; § is the slip
length of the boundary.

In the cytoplasmic flow term (Cy;,), the dissipation power also scales to the square of shear rate
times the volume of dissipative fluid. The shear rate is approximately the relative velocity divided
by the radius (with or without slip length §) ( « v/(R + §)), while the volume is proportional to
length times the square of radius. After multiplication, the radius terms roughly cancel each other
out in power, and the final dissipative power is proportional to the square of velocity, length scale
and viscosity (Cy, & peo Lv*R). The detailed calculation of each term and relevant length scales
are included in the lower right corner of Figure S2. For each observed spore germination event,
we can compute the peak power requirement, peak pressure difference requirement, and total
energy requirement of the PT firing process for each hypothesis, according to the equations we
formulated in Figure S2-S3. Note that in this work, we did not calculate the detailed pressure field
around each structure. We estimated the required pressure differences between the spore and the
PT tip to overcome the drag force and drive fluid flow in various spaces. Also, the same pressure
differences can be achieved by either positive pressure (the spore has a higher pressure than the
ambient, pushing the fluid into PT) or negative pressure (the PT tip has a lower pressure than the
ambient, sucking the fluid from the spore). Hydrodynamic dissipation analysis alone cannot tell
the differences between positive or negative pressure.

Since some of the energy is dissipated by internal and external fluids surrounding the spore
- as listed in dissipation equations in Figure S2&S3 - computation of energy, power and pressure
are naturally dependent both on surrounding viscosity and cytoplasmic viscosity. Note that we use
the term "cytoplasmic viscosity" as an effective viscosity for the energy dissipation within the spore,
and we are not referring to the viscosity of any particular space within the spore. However, there
is no reported measurement regarding the cytoplasmic viscosity of any microsporidian species
so far, and previously reported values of cytoplasmic viscosity in other cell types fall into a very
wide range (Verkman, 2002; Luby-Phelps, 1999; Ridgway et al., 2008; Swaminathan et al., 1997,
Brown, 1940; Kamitsubo et al., 1989; Kalwarczyk et al., 2012; Wang et al., 2019). We therefore first
computed the result assuming the cytoplasmic viscosity to be 0.05 Pa-sec (Brown, 1940), a middle
ground value based on the previously reported range in other cell types, and we later re-calculated
our predictions using different cytoplasmic viscosity values covering the entire reported range, to
assess how much our results vary depending on the degree of uncertainty in the value of cyto-
plasmic viscosity. We measured the viscosity of the germination buffer and modified formulations
using a commercial rheometer (Fig. 3D, see Method section for details).

Another parameter that appears in the model is the boundary slip (), which describes the
behavior of the fluid velocity profile near a solid wall. When the boundary slip is zero (also known
as no-slip boundary condition), the fluid has zero velocity relative to the boundary. As previous
structural studies (Takvorian et al., 2020) have shown, an extremely thin gap (15-20 nm) may exist
between the PT wall and contents inside the tube. At such small length scales, it is possible that
the system can approach the continuum limits in hydrodynamic theory, which means the common
assumption of no-slip boundary condition on the surface might not be valid. We therefore look at
Knudsen number (defined as the ratio of molecular mean free path to the associated length scale

The dissipation power is in the form of Ly, = 7y, (L
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in the problem) to check if we need to account for this effect. As the mean free path of liquid water
molecules is roughly 0.25 nm (Pennycuick, 1992), and the thin gap between cargo and PT wall is
about 20 nm, the Knudsen number is about 0.01, which is on the border between the continuum
flow regime and the slip flow regime (Karniadakis et al., 2005). The intermediate Knudsen number
requires us to also perform simultaneous sensitivity testing on the slip length of the boundary. In
the following section, we thus first computed the result assuming a zero slip length, and we later
re-calculated the results with non-zero slip lengths.

Theory-guided experiments differentiate between leading hypotheses

As enumerated in Figs. S2-S4, the 5 hypotheses listed have different contributions from the drag,
lubrication and cytoplasmic flow terms, and they predict different energy requirements from the
same observed firing kinematics. As each term scales differently with surrounding viscosity, chang-
ing surrounding viscosity also changes the relative magnitude of each term. Assuming that the
microsporidian spores do not have spare energy generation mechanisms, we expect that as we
change the surrounding viscosity, the PT firing kinematics should adjust in a way that keeps the
total energy requirement the same, and thereby allow us to differentiate between the 5 leading
hypotheses under consideration. For example, we would expect that in a jack-in-the-box ejection
mechanism, increasing the surrounding viscosity should slow down the PT velocity, as the entire PT
would experience changes in drag. On the other hand, a PT eversion mechanism would show less
(if any) change in PT ejection velocity, since only the tip region would experience changes in drag.
To differentiate between these mechanisms, we used high-speed light microscopy to observe the
kinematics of A. algerae spore germination in buffers with varying viscosity. We used a range of
methylcellulose concentrations (up to 4%) to vary the external viscosity by multiple orders of mag-
nitude in these experiments. Changing surrounding viscosity should not change the amount of
energy stored inside a spore. This is because the energy source is internal to the spore, and under
our experimental conditions, the osmotic pressure change in spores due to the addition of methyl-
cellulose is estimated to be less than 0.2% (see Method section for more detail). If a hypothesis
predicts variable energy requirements based on the observed kinematics in response to changing
the surrounding viscosity (statistical testing will give a p-value less than 0.05), that would indicate
the hypothesis is not consistent with the experimental observations (Fig. 3A). On the other hand,
for a hypothesis that is consistent with experimental observations, the predicted energy require-
ment will not depend on the surrounding fluid viscosity (statistical testing will give a p-value greater
than 0.05). The peak pressure difference requirement and peak power requirement are also cal-
culated to quantitatively understand the process, but their statistics are not used for the ranking
of hypotheses.

Figure 3B shows the observed PT length of A. algerae spores as a function of time in six differ-
ent concentrations of methylcellulose. We found that changing the methylcellulose concentration
in germination buffer up to 4%, which corresponds to an increase in viscosity of 103, does not
change the germination rate (p-value of logistic regression = 0.085, see Table S3), maximum length
of the PT (p = 0.743, Kruskal-Wallis test, see Fig. S7), or the peak velocity of PT ejection (p=0.848,
Kruskal-Wallis test, see Fig. 3C). The observation that there is no change in velocity of PT firing
regardless of external viscosity provides qualitative support to the four hypotheses utilizing an ev-
ersion mechanism over the jack-in-the-box ejection mechanism. The full original data can be found
in Supplementary Figure Sé.

For each observed spore germination event, we next computed the peak power requirement,
peak pressure difference requirement, and total energy requirement of the germination process
for each hypothesis (Fig. 4). Assuming a cytoplasmic viscosity of 0.05 Pa-sec and a no-slip boundary
condition, we can see that Model 1 (Fig. 4A) and Model 3 (Fig. 4C) contradict our experimentally
observed PT firing kinematics. Model 1 predicts a significant increase in total energy requirement,
which cannot be explained by the observed kinematics. On the other hand, Model 3 predicts a total
energy requirement that varies substantially and is inconsistent with the experimentally observed
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data. It is worth noting that for the remaining three viable hypotheses (Model 2, Model 4, and
Model 5), the total energy requirement is roughly 10~!}, the peak pressure difference requirement
is roughly 60-300 atm, and the peak power requirement is roughly 10-1°W, all in a very similar range.
As a comparison, an E. coli swimming in water for 60 um at a speed of 25 um/sec would only cost
an energy of 2.8 x 10~ (calculated from Stokes drag, assuming a characteristic length of 1 um), a
much smaller number. The huge difference in energy requirement is consistent with the physical
intuition that the high speed and high resistance experienced by fluid flow during germination
makes the ejection process energetically costly. It is interesting that our calculated pressure is
comparable to other biological phenomena where pressure is relevant. For example, the pressure
difference requirement is comparable or greater than that required for DNA packaging in phages
(roughly 60 atm (Smith et al., 2007)).

As mentioned earlier, the above calculation requires the exact knowledge on cytoplasmic viscos-
ity, which has never been characterized for microsporidian species. We therefore repeat the same
set of calculations with varying cytoplasmic viscosity ranging from 0.001 Pa-sec, 0.05 Pa-sec, 0.8
Pa-sec, and 10 Pa-sec (informed by a range of viscosity measurements across eukaryotic species).
As we previously described, changing surrounding viscosity should have no effect on how much
energy a spore can generate, and thus a statistical test should report a p-value greater than 0.05
if the physical mechanism is consistent with experimental observations. As shown in Table S4, all
the calculations that differ significantly from expectation come from Model 1 and Model 3, indi-
cating that these models are the least likely mechanisms of PT firing. However, if the cytoplasmic
viscosity is too high, most of the energy requirement comes from the energy dissipation within
the spore and PTs. In this case, changing the surrounding viscosity has little effect regardless of
the mechanism, and therefore cannot help differentiate the hypotheses. Thus the effectiveness of
our experimental design in differentiating the 5 hypotheses changes as a function of cytoplasmic
viscosity.

Next we consider the role of boundary slip. As discussed earlier, the intermediate Knudsen
number requires us to also perform simultaneous sensitivity testing on slip length of the boundary.
Therefore, we repeated the calculation in Table S4 (which corresponds to a slip length =0 nm, or
no-slip boundary condition) with slip length = 15 nm or 60 nm. We cap our calculation at slip
length of 60 nm as that is 3 times larger than the dimension of the gap, and further increasing the
slip length would have little effect. As shown in Table S5, Model 1 and Model 3 remain the two
most likely rejected hypotheses as we change the slip length of the boundary and the cytoplasmic
viscosity. If the cytoplasmic viscosity is 0.001 Pa-sec and the slip length equals 15 nm, Model 2
is also rejected. Note that in the limit of large slip length and low cytoplasmic viscosity, all five
hypotheses will be rejected, because in this case there is essentially no dissipation from the fluid
inside the spore. All the energy dissipation will then scale unfavorably to changes in surrounding
viscosity, and thus cannot explain the observed kinematics in our experiments. This methodology
does not differentiate between Model 4 and Model 5 - and they remain preferred over the other
three hypotheses.

Our model allows us to differentiate between different hypotheses based on kinematic observa-
tions, a readily accessible experiment. Furthermore, we can also analyze the relative contributions
of various dissipation terms, which would not be possible to measure experimentally. As an ex-
ample, in Figure S8A, we show why Model 1 and Model 3 are rejected in our baseline case (ucy,
= 0.05 Pa-sec, 6 = 0 nm). For Model 1, the external drag term scales up unfavorably with changes
in surrounding viscosity, which is expected as the slender body theory predicts a drag force that
roughly scales linearly with the length of the PT. For Model 3, the lubrication that is accounted for
in the model is not enough to buffer out the variations in experimental observation and is there-
fore also rejected. Compared to Model 1 and Model 3, Models 4 and 5 do not have an external
drag term that scales up unfavorably with changes in surrounding viscosity. These two hypothe-
ses (Model 4 and Model 5) are not rejected as they account for enough terms in cytoplasmic flow
and lubrication to buffer out the variations in experimental observation. In our slip boundary case
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Figure 3. PT firing kinematics in the presence of varying external viscosity. (A) Schematic outlining the
protocol for hypothesis testing. We experimentally measured the PT firing kinematics of A. algerae spores in
buffers with varying viscosity, by varying the methylcellulose (MC) concentrations up to 4%. We next
calculated the required total energy, peak pressure and peak power for each experimentally measured data
according to our physical framework proposed in Figure S2-S4, and we see if the required energy changes
with respect to changes in surrounding viscosity. We assume that changing surrounding viscosity should not
change the energy sources of the spores. Thus if the calculated energy requirement changes significantly with
respect to changes in surrounding viscosity (p < 0.05), the hypothesis is inconsistent with experimental
observations. (B) Experimental measurement of PT ejection kinematics of A. algerae spores in different
concentrations of methylcellulose. The kinematics was fit to a sigmoid function y = L(m 1+ekX0 ——)and
then normalized by L. The additional term in the sigmoid function is to ensure the curve passes the origin.
(0%: n=12; 0.5%: n=10; 1%: n=10; 2%: n=8; 3%: n=5; 4%: n=9) The inset shows the original data in MC0%. The
changes in MC concentration does not cause obvious changes in overall kinematics of PT firing. The complete
set of original data can be found in Supplementary Figure Sé. (C) The dependence of maximum PT ejection
velocity on MC concentration in germination buffer. Increasing MC concentration up to 4% does not change
the maximum PT ejection velocity. (p=0.848, Kruskal-Wallis test) (D) Viscosity measurements of germination
buffer with various concentrations of methylcellulose, corresponding to the concentrations used in PT
extrusion experiments. As the PT ejection process is a high shear rate phenomenon (~3000 1/sec), we used
the measurement at shear rate y = 1000 sec~!. The maximum tested shear rate was 1000 sec™! as that
reaches the operation limit of the shear rheometer. (n = 5 for 0%, 0.5%, 1%. n = 3 for 2%, 3%, 4%.)

11 0f 23


https://doi.org/10.1101/2023.01.17.524456
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.17.524456; this version posted August 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

A total energy requirement (E)  peak pressure requirement (Pmax) peak power requirement(Wmax)
1e-13 1e-11
o 80 1.25
<
i 6 p=1.7E-6 p=0.013 1.00 p = 4.8E-5
-
n T 60 =
DE ~ £ 2075
5o 2¢ < 3 .
w 4 . - £40 i Fo050 -
9, . < =" 3 ==
z F 0.25 i
S B 20
0.00
0% 05% 1% 2% 3% 4% 0% 05% 1% 2% 3% 4% 0% 05% 1% 2% 3% 4%
B MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC
1e-12 1e-10
o . 1.50 .
<
d . 120 195
o~ = —
i lL_) . E 100 E 1.00
oo =2 = 80 3
o w4 H . £075
= o) & =
60 - 0.50 .
z e 025 =
i 40 -
0% 05% 1% 2% 3% 4% 0% 05% 1% 2% 3% 4% 0% 05% 1% 2% 3% 4%
c MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC
g Te-12 1e-10
o : 120 . 1.25 -
< 5 p = 0.053
™ ou €1OO __1.00
—= _4 £ 2
[) 2 S S 80 %075
8 o ws 3 £
s Ifl)J ) & 60 "X 050 .
b ?"i 0 L oo ==
b 05% 1% 2% 3% 4% b 05% 1% 2% 3% 4% b 05% 1% 2% 3% 4%
0% 05% 1% 2% 3% 4% 0% 05% 1% 2% 3% 4% 0% 05% 1% 2% 3% 4%
b MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC
1e-11 1e-10
° ° 2.0 -
a 175
X 1.0 -
< 0.8 ’g $15
2E Zur i i
ot wo £100 4§E1~°
=W g, e o
Q ==} s 05 ==
L 0.2 50
0% 05% 1% 2% 3% 4% 0% 05% 1% 2% 3% 4% 0% 05% 1% 2% 3% 4%
MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC
E 1e-11 1e-10
150 ° 3.0 .
o 300 . 25
1.25
L = 250 —
0 . E 220
o < 200 =
S kuw . x ©15
© £
on 0.75 g .
S5 a 150 = 1.0
L oo =y =2
(@ . 100 05
w025
0% 05% 1% 2% 3% 4% 0% 05% 1% 2% 3% 4% 0% 05% 1% 2% 3% 4%
MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC MC

Figure 4. Energetic analysis to identify hypotheses that are consistent with experimental results of PT
extrusion kinematics in varying external viscosities. Each row (A-E) shows calculations based on the five
different hypotheses, and the three columns show the calculation for total energy requirement (left column),
peak pressure difference requirement (middle column), and peak power requirement (right column) for each
PT firing event shown in Figure S6. Kruskal-Wallis test was used, and only the p-values which are significant or
near-significant are shown. Only the p-values calculated for total energy requirement were used for ranking.
The p-values for peak pressure difference requirement and peak power requirement are just for reference.
The data shown here is calculated assuming a cytoplasmic viscosity of 0.05 Pa-sec, and a zero boundary slip.
The effect of ambiguity in cytoplasmic viscosity and slip length of the boundaries are discussed in Table S4-S5.
Under these assumptions, Model 1 and Model 3 are the two hypotheses that are least likely to be true. Also
note that for the other three hypotheses (Model 2, Model 4, and Model 5), the total energy requirement is
roughly 1011, the peak pressure difference requirement is roughly 60-300 atm, and the peak power
requirement is roughly 10-10w.
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with low cytoplasmic viscosity (uqy, = 0.001 Pa-sec, § = 15 nm), Model 1, Model 2 and Model 3 are
all rejected (Fig. S8B). In this scenario, the energy dissipation from fluid inside the spores is greatly
reduced and the contribution from external drag becomes more prominent. Model 1 is rejected
because of similar reasons as mentioned before. For Model 2 and Model 3, not enough energy
dissipation terms are accounted for, which fails to buffer out the unfavorable scaling of external
drag with changes in surrounding viscosity.

Models for the driving force behind cargo expulsion

The primary function of the PT is to transport infectious cargo into the host cell. A unique two-stage
process of nuclear translocation was recently observed using high-speed imaging (Jaroenlak et al.,
2020), wherein the nuclei, ~1 um in diameter, are grossly deformed to pass through the ~100-nm-
wide PT. Instead of traveling smoothly to the end of the PT, the nucleus pauses in the middle of the
tube and is then abruptly expelled from the end (Fig. 5A-B). Previous imaging studies also demon-
strate that nuclear translocation is notinitiated until 50% of the PT has been ejected (Weidner et al.,
1994, 1995; Jaroenlak et al., 2020). However, since the PT firing process is a low Reynolds number
event with no inertial terms, it is impossible to push any cargo or cytoplasmic content inside the
PT any further once the extension of PT stops without invoking additional mechanisms or energy
sources. Currently, our understanding of how the cargo can be forced into and through the PT
and what driving forces are involved remains inadequate. Our data presented here provide two
possible mechanisms for the final extrusion of cargo, which will be discussed in more detail in the
subsections below: (1) buckling of the spore wall, which is also observed in our SBF-SEM data and
(2) cavitation or bubble formation inside the spore.

Our SBF-SEM data provide an important clue: 88% of germinated A. algerae spores are buckled
inwards (Fig. 5C, Table S6). Out of 25 germinated spores, 22 have buckled walls. Of these 22
buckled spores, 21 contain no nuclei, while only 1 of the 22 has the nuclei inside. Only 3 out of
25 fully germinated spores do not have a buckled spore wall, and all 3 of these spores have the
nuclei retained inside. Importantly, all spores in which the nuclei have been ejected have buckled
walls, while all incompletely germinated spores, which contain nuclei in them, are not buckled (50
out of 50). These observations strongly suggest that spore wall buckling correlates with successful
nuclear translocation. The inward buckling of the spore coatindicates that the pressure differences
required during PT ejection come from a negative pressure, created inside the spore as PT leaves
the spore. Here we hypothesize that this inward buckling displaces fluid to facilitate the second
phase of nuclear translocation, expelling the nuclear material out of the spore. This hypothesis
further allows the timing of this process to be controlled - where the negative pressure for the
spore wall to buckle is only reached when the tube is extended near-completely.

We next estimated the energy and pressure that is required to buckle the spore shell utilizing
classical buckling theory (Zoelly, 1915; Hutchinson, 2016), assuming a prolate spheroid shape for
the spore. Using the reported Young's modulus (E) of chitin in literature (about 1.2-3.7 GPa (Yusof
et al., 2004)), and assuming the Poisson ratio (v) to be 0.25 (as most solid materials have a Poisson
ratio between 0.2-0.3 (Kaleli et al., 2018)), we calculate the negative pressure needed for spore
buckling. A previous microscopy study shows that the exospore thickness (¢) of A. algerae is roughly
160+30 nm, the length of the spore is 3.9+0.4 um, and the volume of the spore is 8.8+1.4 um3. From
these numbers, the effective width of the spore used for calculation can be estimated as 1.81-2.36
um, with an aspect ratio between 1.48 to 2.37. (We did not use the experimentally measured
width of the spores since they are not precisely in prolate spheroid shape.) We can thus estimate
the pressure, displaced volume, and work done by buckling as

Pouckte = @ [2E(é)2/\/3(1 - vz)] = 51 ~ 390 atm [mean 141 atm]
4z(1 — v)Rgporet

V31 =v?)

W = ppucte AV =52 x 1072 ~ 8.0 x 107!!J [mean 2.0 x 107'1)]

AV =1.01 ~ 2.05um? [mean 1.44um?]
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, where B is the semi-minor axis of the ellipsoid, and « is an aspect-ratio-dependent prefactor
associated with non-spherical shape. Based on previous studies (Danielson D. A., 1969), « would
be between 0.2 to 0.3 given the aspect ratio of the spore. In the calculation of buckling volume,
we assumed a spherical shape and estimated the radius to be 1.21-1.35 um, since there are no
tabulated numbers of buckling volumes for non-spherical shapes. The geometric mean is used, as
the range covers values of different orders of magnitude.

It is worth noting that the pressure and work fall within the predicted range shown in Figure 4,
and the displaced volume is also in a reasonable range relative to the total volume of the spore. The
estimated displaced volume is also consistent with the experimentally observed volume changes
of spores after germination as measured by SBF-SEM (Fig. 5D). Assuming that the PT is a 100-nm-
diameter cylinder, this buckling event is enough to push forward the fluid content inside the PT by
129-261 um. This distance is sufficient to propel the nucleus to travel through a completely ejected
tube, whose length is between 60-140 um (Jaroenlak et al., 2020).

While buckling of germinated spores is apparent in A. algerae, we also considered the possibility
that some other species may have thicker cell walls, and may not buckle. Since our previous calcu-
lations, and the fact that A. algerae spores buckled inward, indicate that there is a large negative
pressure during the germination process, we further explore the possibility of water cavitation or
carbon dioxide bubble formation ("bubble formation" henceforth) inside the spore as an alterna-
tive mechanism. Both are phase transition events that can only occur under negative pressure at
a certain threshold and can cause volume displacement from the spore into the PT. The threshold
for water cavitation is about -200 atm (Herbert et al., 2006; Scognamiglio et al., 2018) while the
threshold for bubble formation is about -100 atm (Harvey, 1975). Since the pressure range seems
plausible, we next combine our energy dissipation analysis with this pressure threshold to see if
we can quantitatively predict the fraction of spores that can pass through the threshold, and the
timing of these volume displacement events based on the experimentally observed kinematics.

Figure 5F shows the time series of pressure predicted by Model 4 and Model 5, the two most
preferred hypotheses in our previous analysis. For each hypothesis, we calculate the fraction of
spores that have their pressure exceeding the critical pressure for the second stage cargo translo-
cation, either through spore wall buckling, cavitation or bubble formation. The downward arrows
indicate the mean time when the negative pressure first reaches the critical pressure of different
mechanisms. For Model 4, 44.4% of spores can have bubble formation, 7.4% of spores can have
spore wall buckling, and none of them can have water cavitation. On the other hand, for Model
5, 88.9% of spores can have bubble formation, 46.3% can have spore wall buckling, and 20.4%
can have water cavitation. The time series of pressure also allows us to predict the timing of this
second-stage translocation event for different models. For Model 4, the predicted second-stage
event happens at 0.17-0.2 sec after initial germination (spore wall buckle: mean = 0.173 sec, std =
0.020 sec, n = 4, cavitation: none; bubble formation: mean = 0.198 sec, std = 0.082 sec, n = 24). For
Model 5, the predicted second-stage event happens at 0.36-0.7 sec after initial germination. (spore
wall buckle: mean =0.530 sec, std = 0.335 sec, n = 25; cavitation: mean =0.709 sec, std = 0.392 sec,
n=11; bubble formation: mean = 0.364 sec, std = 0.249 sec, n = 48). We can see that Model 5 com-
pared to Model 4 has a much better prediction in terms of the fraction of spores that can undergo
spore wall buckling. For Model 5, 88.9% of the spores can potentially form bubbles. On the other
hand, as water cavitation requires a much higher negative pressure, the fraction of spores that
can achieve this is much lower. Nonetheless, our analysis shows that this mechanism is still possi-
ble, though not the most likely. In the future, we can further test this hypothesis by recording the
acoustic signal with a miniature hydrophone to detect the acoustic signature of water cavitation
(Scognamiglio et al., 2018).

We note that even for Model 5, the predicted 46.3% buckling rate is much lower than the ob-
served 88% buckling rate in germinated spores in SBF-SEM, yet we should also note that the range
of predicted spore wall buckling threshold is very broad (51-390 atm, with 141 atm as the geo-
metric mean, mostly from the uncertainty in the Young's modulus of the spore wall). If we set
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the threshold of buckling to be the minimum value in the predicted range (51 atm), then Model 4
would predict 98% spores to buckle while Model 5 would predict 100% spores to buckle. In Supple-
mentary Figure S9 we show how the predicted buckling probability varies for Model 4 and Model
5 through the whole predicted range, and we can see that Model 5 consistently predicts a buckling
rate that is closer to experimental observations over Model 4.

Discussion

For more than a century, the process of microsporidia PT ejection has been qualitatively described.
Yet, a comprehensive biophysical evaluation of the feasibility of the hypotheses and models pro-
posed remains lacking. Despite the advances in imaging techniques (Takvorian et al., 2020; Jaroen-
lak et al., 2020), current data remain inadequate to decipher the topological connectivity of distinct
organelles within a whole spore. Here we took a systematic approach using physical principles to
validate different hypotheses on topological connectivity and energetics, both experimentally and
theoretically.

Physical benefits of ultrafast PT ejection during germination

Why did microsporidia evolve the PT ejection process to be an ultrafast event? The targets of the
PT are usually not rapidly moving, why not achieve the same travel distance at a lower speed?
Ultrafast PT ejection may be useful for the parasites in the context of the extracellular matrix in
the host. One of the most common infection sites is the intestinal epithelium, which is covered
by mucin and other complex viscoelastic fluids (Grondin et al., 2020). As the shear rate increases
to 1000 sec™!, comparable to the physiological shear rate generated by microsporidia, the shear
viscosity of mucin solutions typically shear-thin by at least 2 to 3 orders of magnitude (Sardelli
et al., 2019). This can bring down the viscosity of mucin polymer from 1 Pa-sec to a viscosity that
is close to water (Curnutt et al., 2020). As mucin and other bio-polymeric fluids frequently exhibit
shear and extensional thinning (Ahmad et al., 2018), an ultrafast movement of the PT and the high
shear rate associated with the narrow tube diameter may help the organism to reduce resistance
from the external environment. In this study, we also show that the eversion mechanism can
further limit the external drag to the tip region, reducing the work that needs to be done for the
infection process. Future work undertaking a full biophysical account of the energy dissipation, in
combination with high-resolution structural data, will elucidate how the combination of ultrafast
ejection and an extremely narrow tube can work together to the benefit of the organism.

Energy dissipation from PT plastic deformation

Our experimental imaging, 3D reconstructions and theoretical analyses support the common con-
sensus that PT ejection is indeed a tube eversion process. This is consistent with our observation
that the shape pattern of the ejected tube (e.g. the helical or zigzag shape) remains static and does
not alter between frames of the movie as the ejection progresses. As the eversion process involves
a 180-degree turn and is typically described by large deformation theory, it raises the possibility of
material yielding and plastic deformation, which can dissipate additional energy (Yang et al., 2019).
From an evolutionary standpoint, it would be optimal for microsporidia to evolve its PT such that
the tube would never experience plastic deformation to avoid hysteresis and ensure that the PT
can always recover to its completely ejected configuration. Also, the ultrathin nature of the PT wall
(roughly 5-30 nm (Takvorian et al., 2020)) can help reduce the stress associated with the bending
of the tube, avoiding reaching the yield stress of the PT. Considering these arguments, and the
fact that the material properties of the PT protein have not been well characterized, we did not
consider this in our calculation of energy dissipation.

Posterior vacuole expansion and the role of osmotic pressure
In this study we quantified that the posterior vacuole of A. aigerae spores expand by roughly 0.35
um? based on the 3D SBF-SEM data (Fig. S1). This observation is consistent with previous real-time
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Figure 5. Hypotheses that can potentially explain the two-stage translocation of the cargo. (A) Kymograph of nuclear transport inside the PT.
Nuclei were stained with NucBlue prior to germination, and imaged using fluorescence microscopy. Previously deposited data from Jaroenlak
et al. (2020) were used in this figure. A two-stage process is observed for nuclear translocation, with a long pause in the middle. The second
stage of nuclear movement is overlaid with red, and the asterisk indicates the beginning of the second stage movement, in which the nuclei are
expelled out of the PT. (B) Quantification of the nuclear position relative to spore coat over time (n=4). (C) 3D reconstructions of incompletely
germinated and germinated spores from SBF-SEM data. 100% of spores in which the nuclei have been expelled are buckled (Table S6). The
translocation of nuclei at the final stage can be explained by spore buckling. (D) Volumes of ungerminated and germinated spores calculated
from SBF-SEM 3D reconstructions. Ungerminated: mean = 8.78 um?, std = 1.41 um?3, n=19; Germinated: mean = 5.52 ym?3, std = 1.03 yum3, n = 14;
p <0.0001. (E) Schematic model of an A. algerae spore used for calculating the spore wall buckling pressure, the relevant parameters used in the
calculation and the formulae. Using the theory of elastic shell buckling (see text for detail), we showed that the pressure built up during the PT
firing process is enough to buckle the spore wall, and the predicted buckling volume is enough to push cytoplasmic content in PT forward by
129-261 um. (F) The predicted time series of pressure from Model 4 and Model 5 (n = 54), overlaid with the critical pressure of spore wall
buckling, water cavitation pressure and bubble nucleation. All three phenomena can cause volume displacement at the later stage of the
germination process, and provide a driving force to push the cargo/nuclei forward. Model 5 is more compatible with experimental data than
Model 4. The downward arrows indicate the mean time when the negative pressure first reaches the critical pressure. (detailed numbers
mentioned in the main text.) (G) Theoretical predictions and experimental measurements from orthogonal approaches are compiled and are in
agreement with each other. We obtained the prediction based on spore wall buckling theory and hydrodynamic energy dissipation theory, and
we compiled the experimental observations from the SBF-SEM data.

Symbols: Rgperet Spore radius; AV: volume changes of spore after buckling; #: spore wall thickness; E: Young's modulus of the spore wall; v:
Poisson ratio of the spore wall; W: work; Ax: predicted fluid displacement distance; Lpy: full length of the ejected PT.
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light microscopy of posterior vacuole expansion on Edhazardia aedis (Troemel and Becnel, 2015).
One leading hypothesis in the field is that the energy source for germination comes from the ex-
pansion of the posterior vacuole due to osmotic pressure (Lom and Vavra, 1963; Undeen, 1990;
Undeen and Frixione, 1990; Undeen and Vander Meer, 1999). In this paper, we made no assump-
tions on how the energy, pressure or power is generated, as further experiments and/or simula-
tions are required to understand these processes. In the following paragraphs, we will discuss and
quantitatively evaluate the possibility of posterior vacuole expansion as the energy source of the
germination process.

Prior work has demonstrated the importance of osmotic pressure for the germination pro-
cess. Studies have shown that increased osmotic pressure in the environment suppresses the
germination of several microsporidian species. Ohshima showed that an osmotic pressure of 120
atm (15% saline) suppresses the germination of Nosema bombycis (Ohshima, 1927), while Lom &
Vavra showed that an osmotic pressure of 60 atm (50% glucose) suppresses the germination of
Pleistophora hyphessobryconis (Lom and Vavra, 1963). Undeen and Frixione also report that the
PT emergence time can be prolonged from 1-2 sec to 10-100 sec under hyperosmotic conditions
(Undeen and Frixione, 1990). Based on prior measurement of sugar content in A. algerae spores,
we can also estimate the osmotic pressure inside the spores to be roughly 60 atm (see Method
for calculation details). These experimental results suggest that osmotic pressure can play a role
beyond just the initiation of the germination process, and might also drive PT extrusion.

Combining these experimental data, we can evaluate whether the expansion of the posterior
vacuole due to osmotic pressure can provide enough energy for the entire germination process.
The energy that can be provided by water influx causing 0.35 um3 volume expansion under the
osmotic pressure difference of 60 atm is (60atm)(0.35um?) ~ 2.1 x 10~2). We can see that although
the pressure is comparable to the peak pressure difference requirement (60-300 atm) calculated
from our theory, the total energy provided is about 5-fold smaller than the total energy require-
ment (~ 107'!)). This indicates that although posterior vacuole expansion can indeed provide a
significant portion of energy, it may not be enough to sustain the entire germination process in A.
algerae. It is still possible that for other species with larger magnitude of posterior vacuole expan-
sion, osmotic pressure can play a more important role in the germination process, yet additional
studies are needed to identify and quantitatively evaluate other energy sources.

Predictions and proposed future experiments
In this study, we utilize a general framework to create the 5 most viable hypotheses, informed
by our structural studies of the spore. Here we emphasize that our biophysical study can only
provide a ranking among these 5 hypotheses rather than rejecting any of them explicitly. This is
primarily due to lack of measurements for cytoplasmic viscosity and boundary slip length in current
experiments. To deal with this ambiguity, we repeat the calculation on a wide range of possible
cytoplasmic viscosity and boundary slip length to see how much our conclusion may change. Our
work provides a systematic approach that can be readily adaptable as more experimental evidence
comes to the table, and the general physical phenomena highlighted here would not change.
Combining all evidence, our study suggests that Model 5, E-OE-PTPV-ExP ("Eversion, with origi-
nal PT content open to external environment, and PT connected to posterior vacuole, with expand-
ing posterior vacuole"), is the most preferred hypothesis (Fig. 6). This is also consistent with the
hypothesis proposed by Lom & Vavra in 1963 (Lom and Vavra, 1963). The model provides several
predictions that can be readily tested by experiments. First, our model predicts that the content
of the posterior vacuole should be detectable in the surroundings near the ejected tube after the
germination process. This is because the original PT content (which is connected to the posterior
vacuole) needs to be expelled into the surroundings before the infectious cargo can enter the PT.
Second, our model predicts the relative time sequence of PT tip extension, cargo translocation and
spore wall buckling. According to our model, we should see that (1) the cargo would not enter the
PT until at least half of the tube is ejected, (2) the spores only buckle during the later stage of the ger-
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Figure 6. Summary and a model for the most likely hypothesis of the PT firing mechanism. We evaluated 64
possible topological connectivities, eliminated those that are incompatible with our knowledge of the process,
and further explored 10 viable hypotheses. We retained the 5 hypotheses that assume an expanding
posterior vacuole during the germination process, which are consistent with the SBF-SEM data. The
hydrodynamic energy dissipation analysis allows us to rank 2 hypotheses over the other 3, and our analysis
on the pressure requirement for spore wall buckling suggests Model 5 (E-OE-PTPV-ExP, "Eversion, with PT tip
open to external environment, and PT connected to posterior vacuole, with expanding posterior vacuole") is
the most preferred hypothesis. The schematic shows our understanding of the process based on Model 5.
After initiation of germination, the PT extrudes via an eversion-based mechanism. Vacuole contents may be
connected to the original PT contents. The eversion brings the end of the PT away from the posterior vacuole,
which allows the infectious cargo to later enter the PT through fluid entrainment. Tube eversion causes
negative pressure to build up within the spore. Eventually this negative pressure either initiates buckling of
the spore wall or causes bubble formation in the spore to push the nucleus outward. Key numbers related to
the process and the predictions from E-OE-PTPV-ExP hypothesis are summarized in the text box.

mination, and (3) the sudden translocation of nuclei/cargo coincides with or is slightly later than the
buckling of the spore. Exploration of this hypothesis would likely require designing a custom-built
microscope to simultaneously observe the kinematics of germination events at low magnification
(with sporoplasm and nucleus fluorescently tagged) while having a close-up view on spore shape,
to help visualize the relative kinematics. Third, the spillage of posterior vacuole content during the
PT ejection event would also predict a different flow field near the tip compared to the movement
of a solid boundary. Future experiments using particle image velocimetry (PIV) near the ejection
tip to identify the presence of extruding fluid from the PT content will be informative. Fourth, our
theory also predicts that some spores can have water cavitation inside the spore due to the large
negative pressure. Using miniature hydrophone recording may capture the characteristic acoustic
signal of this process if it happens. Finally, according to Model 5, the membrane connection be-
tween PT and posterior vacuole must be broken for the infectious cargo to enter the PT. There are
no current data that support membrane fission in this process, but membrane fission mediated
by shearing can occur on extremely fast timescales (Morlot and Roux, 2013). In theory, the mem-
brane content in PT can potentially be severed into multiple parts by Plateau-Rayleigh instability,
an interfacial-tension-driven fluid thread breakup mechanism. Future work will be necessary to
assess whether this occurs in microsporidia, and may play a role during PT germination.
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Conclusions

In conclusion, we propose a comprehensive theoretical framework of the energy dissipation in the
ultrafast PT ejection process of microsporidia, with five different hypotheses classified according
to the key topological connectivity between spaces. We estimated that for the PT discharge of A.
algerae spores, the total energy requirement is roughly 107!, the peak pressure difference require-
ment is roughly 60-300 atm, and the peak power requirement is roughly 10-'°W. We also showed
that subsequent negative pressure is sufficient to buckle the spore wall and propel the nuclei, con-
sistent with our experimental observations. Among all the hypotheses, E-OE-PTPV-ExP is the most
likely one from a physical point of view, and its schematics and predictions are summarized in
Figure 6 and the preceding paragraph. We expect new advances in dynamic ultra-fast imaging at
nanoscales will experimentally test the predictions made here.

Materials and Methods

Detailed methods are provided in the Sl appendix. They include 1) protocols to propagate and ger-
minated A. aigerae spores, 2) the sample preparations, data acquisition, and analysis for SBF-SEM
experiments, 3) methylcellulose experiments and the estimated effects on osmotic pressure, 4) the
measurement of viscosity of germination buffers, and 5) an estimation of the osmotic pressure of
A. algerae spores from literature.
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