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Figure S1. Experimental setup of the fT3SS assembly synchronization in the cell population.

After growth in LB medium, the master regulator flhDC expression was induced by addition of AnTc for 30 min, synchronizing
expression of flhDC followed by class Il and class Il and the assembly of hook basal body (HBB) and filaments in the bacterial
population. After induction, cells were resuspended in LB-medium free of AnTc inducer. Samples were probed every 10 min from
the culture, simultaneously filament stained (immunostaining, rabbit a-FliC primary antibody, mouse a-rabbit secondary antibody
coupled to Alexa488) and monitored for swimming speed (see Material and Methods).
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Figure S2. Combination of short and long filament population shows the requirement for a longer filament to display
swimming behaviour.

(A) Representative image of cells with short/long filament. Population were grown in two different flasks and induced with AnTc as
described in Materials and Methods. Either 30 min or 90 min post induction, samples were collected and imaged for swimming
speed and filament immunostaining. The short filament population carried a vector constitutively expressing the fluorescent protein
mNeonGreen (yellow), while the long filament population expressed mCherry2-L (magenta). Those distinct fluorophores enabled
us to distinguish between the 2 populations. Upper panel display the filament immunostaining experiment performed on single
population or after mixing the 2 populations. Flagellar flaments were stained with Alexa647-conjugated secondary antibodies
(white, scale bar = 10 um). The lower panel display the swimming experiment performed on mixed population as described in
Materials and Methods, except that a Trigger Acquisition module enabled us to track the 2 population in the same slide, with an
interval of 40ms between each frame for each fluorescence channel. (B) Density plot of the swimming speed for each populations.
As observed, the short filament population (yellow) is primarily non-motile or exhibits minimal motility while the long filament
population reached the maximal swimming speed observed in Figure 1B.
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Figure S3. Fit of the physical model of Figure 1F for different values of N (from N = 2 to 8)
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Figure S4. Analysis of multilabeled filaments at different temperatures.

(A) Exemplary microscopy pictures of multilabeling experiment, as previously described in (1) (scale bar = 2 ym). (B) Exemplary
graphs of multilabeled filaments at the different temperatures. Analysis was performed using Microbed plugin as described in
Material and Method. At least 100 filaments were analysed per experiment. Values were represented using a custom Python script.

FITC-mal. (25uM) | biotin-mal. (500pM)
+ DTT (1000uM)

Figure S5. Increasing concentrations of molecules enable a wash-free stepwise labeling.

In order to validate the effect of increasing concentrations of labeling molecules to allow labeling of multiple fragments without
needing to exchange the medium, we first labeled the filaments with 25 M FITC-maleimide, then we simultaneously added
biotin-maleimide (500 uM) and DTT (1000 uM). The filaments were then immunostained with anti-FITC (coupled to 10nm gold
particles) and anti-biotin (coupled to 5nm gold particles) antibodies. Almost no biotin labeling was observed confirming that the
most concentrated compound outcompetes the others.
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Figure S6. Microbed analysis of the multilabeled flagellar filament.

(A) Experimental setup shown as described in the Material and Methods and in (2). (B) The multi-labelled flagellar filaments were
imaged successively on the red (Ch. 1), the yellow (Ch. 2), and the green (Ch. 3) channels. To facilitate the detection of the whole
filaments, the channels were combined into a maximum intensity channel-projection image (Mask) using the "Combine channels"
tool of Microbed. The medial axis of each filament was manually drawn on the mask using the segmented line tool and then refined
using a transversal local maximum neighbor algorithm. Alternatively, the blue channel was used to detect the cell attached to the
filament and to define which end of the filament is connected to the cell body (x). The oriented fluorescent profiles were then
extracted along the medial axis of the filament for each specified channel and used to segment the filament into sections (bottom
graph). Sections were defined as the brightest sections of each channel. The relative localization and the length were determined
for each section and represented on the filament overlay using their corresponding color.

Table S1. List of strains used in this study

Strain Genotype Source
EM4869 Ahin-5717::FRT PtetAflnhDC5451::Tn10dTc[del-25] Lab collection
EM11996 Ahin-5717::FRT PtetAflhDC5451::Tn10dTc[del-25] AmotA5461::mudJ This study
EM2046 Ahin-5717::FRT PtetAflhDC5451::Tn10dTc[del-25] fliC6500 (T237C) Lab collection

EM18110  Ahin-5717::FRT PflhDC5451::Tn10dTc[del-25] / pEM8315 (pKH70-PrpsM-mCherry2-L, AmpR) This study
EM18111  Ahin-5717::FRT PflhDC5451::Tn10dTc[del-25] / pEM8731 (pKH70-PrpsM-mNeonGreen, AmpR) This study
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Model: Elastohydrodynamic instability of a peritrichous swimmer

Governing equations. The parameters used in the follow-
ing equations are defined in Tables S2—-S4).
A global force balance on the system gives

% +21U (.CH sin?(0) + C' cos?(0)) (E1)
—6I2C' | cos() = 2F sin(6),
whilst a torque balance on each flagellum gives
B2
gC’LO—EUC’Lcos(GH—KG:O. (E2)

These equations can be combined for an evolution equa-
tions for #. By setting & = 0 we obtain the equilibrium
equation which gives the value of 8 for given flagellar
length I:

o FIC sin(6)cos() (E3)
1220 4 91 (C)ysin?(0) + C'pcos?(0))

Clearly, 8 = 0 is always an equilibrium angle. However,
defining a critical length [, implicitly as
FI20

K= ¢’t E4
L2 4 920 1, (E4)

the evolution equation can be perturbed about § = 0 to
show that § = 0 is stable if and only if | < .. When [ > [,
a new stable equilibrium at § > 0 is created. Whether
Il <l.orl>Il. assuming the system has reached its
stable equilibrium, the swimming speed can then be
calculated as
2F sin(6
U:MHJ(C i 22) Crooe) &
N 1sin?(0) +C 1 cos?(6))

Physical parameters. Before we can solve the govern-
ing equations, we must identify appropriate values for
various physical parameters, and justify certain assump-
tions.

The helical pitch angle of the flagella is approximately
30° (8, 4), so for an axial length [, the contour length is
given by L = 2I/+/3. This provides appropriate defini-
tions for the Resistive Force Theory drag coefficients

_ 2T
U= Yog(20/rv3)—1/2 (E6)
Amp (E7)

T log(2l/rV3) +1/2]

where r = 12nm (4) is the contour radius and  is the dy-
namic viscosity of the fluid. These serve as expressions
for the fluid force per unit length exerted on a slender
filament of length 21//3 travelling at unit speed. How-
ever, the helical geometry of the real flagella complicates

Halte etal. | Bacterial motility depends on a critical flagellum length and energy-optimized assembly

this. Integrating for the fluid force along the length of the
contour gives total fluid forces

2 3 1

FH = %lU [4C|| + 4CJ_:| , (E8)
2 1 7

FJ_ = EZU |:8C|| + 8CJ_:| y (Eg)

for motion parallel and perpendicular to the axis of the
flagellum, respectively. This produces effective drag
coefficients

C,= % [icu(l) + iCJ_(l):| , (E10)
2 |1 7
C, = ﬁ [SCH(Z) + SCJ_(I):| , (E11)

which, for clarity, give rise to drag forces acting on the
flagella of axis length [ travelling at speed U of

Fy =gy,
FL=1UC,.

(E12)
(E13)
It should be noted that C'; and C” are technically func-
tions of the axis length . However, we find that over the
fairly small range of values of [ that we consider here,
we can, to good approximation, set these coefficients to
be constant by evaluating at, say, [ = 3.5 um. This gives
(E14)
(E15)

C” =1.5970 U,
C, =2.1796 p.

This is a fairly important result, deviating significantly
from the classical result ¢ ~ 2¢.

We select the radius of the body to be such that it
experiences the same drag as a prolate spheroid of
semi-axes 0.5 ym and 1.25 ym (approximating the true
geometry of S. enterica) travelling along its long axis.
The resistance/mobility matrix for such a spheroid is
easily calculated (5), giving an appropriate body radius
a = 0.65252 um. Note this slightly alters the diffusive
properties of the swimmer, though only by a few percent.

Diffusion of a sphere is trivial to calculate, as a sphere
in Stokes flow experiences a drag of 6mual. Using our
radius a = 0.65252 um and an approximate temperature
of T'=300 K, as well as noting a time step of t =0.0435 s
in between observation over which speed is calculated,
we determine a diffusive speed of

6kpT
Upiss = 6muat’

Supplementary Information | 5
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where kp is the Boltzmann constant. This diffusive
speed will ultimately produce excellent agreement with
the data for the initial time step. However, it is signifi-
cantly more than the speeds oberserved for later pre-
critical speeds. To correct for this, we can include the ef-
fects of the flagella. Let us suppose for simplicity (which
should nonetheless provide a decent approximation of
reality) that there are 6 flagella of length [ protruding
from the spherical body with uniform distribution, akin to
the six faces of a die. Therefore, the swimmer remains
isotropic, but for any given swimming direction, its drag
has increased by an amount

AD=1U 20 +4C,]. (E17)
However, we wish to consider a more general number of
flagella N (5 in our model) and so we will approximate
the additional drag per unit speed as

Dy(I;N) = % 20 +4CL] . (E18)

This increases the drag on the swimmer, thereby reduc-
ing its diffusive speed to

6kpT

Upiff = \/[Gmta—FDf(l;Nﬂ t (E19)

This decreases as [ increases and gives better agree-
ment with the data. Note that this estimate neglects
hydrodynamic interactions between the flagella and
the cell body, which is not expected to have a large
effect. We continue to use the above expression
post-criticality, even if swimming is seen to dominate
diffusion throughout.

The bacteria swim in room temperature LB medium. The
dynamic viscosity of LB medium is 1.83cP when at a
temperature of 37 °C (6). If we assume a similar rela-
tionship between viscosity and temperature for the LB
medium as there is with water, then accounting for this
gives a dynamic viscosity of approximately 2.61cP at
room temperature. In Sl units, this gives us an estimate
for the dynamic viscosity p ~ 0.00261 Pa - s.

Applying Resistive Force Theory allows us to calculate
consistent expressions for the driving force generated by
the flagella in terms of either the angular rotation 2 and
axis length [, or the motor torque 7.

P G e I

= E20
2 3¢y +¢ R’ ( )

where R ~ 0.2 um is the helix radius. Note we use the
standard RFT coefficients, ¢, and ¢, not the modified

Halte etal. | Bacterial motility depends on a critical flagellum length and energy-optimized assembly

ones, C'; and C. The important consequence of this is
that, assuming the molecular motors generate constant
torques, the force generated by the flagella are constant
(within particular assumptions required for RFT to be
accurate, which are satisfied post-criticality) whilst the
angular rotation rate decreases as the flagella grow. This
also allows us to calculate 7 in terms of F' for comparison
with pre-existing literature. The actual value of F' is
determined by numerically matching the theory to the
data to minimise the square errors.

The value of the bending modulus EI varies greatly as
different values of motor torque cause twisting of the
hook, reconfiguring its molecular structure and causing
stiffening as the torque increases (7, 8). We identify the
critical length [, in the same way as the force - by match-
ing the theory to the data to minimise square errors. It is
easy to do matching of [, and F' simultaneously as the
value of [ affects the value of [ at which transition occurs,
whilst F' represents the size of the speeds achieved. This
then allows us to calculate the torsional spring constant
K and we then approximate the hook bending modulus
by EI ~ Kl where l;, ~ 55nm is the length of the hook

(9).

Final Model. When [ < [., the stable angle is § =0 and
the corresponding swimming speed is U = 0. For [ > I,
the stable angle is given by the non-zero solution to the
equation

Fi?
K= 41271';1.(1 CCJ_ ’ (E4)
~— +2C 11
F 2 . )
oy — =Cy %12(9)cos(9) . (E21)
= +2 (CH sin(0) 4+ C | cos?(6))
The swimming speed that results is then
2F sin(60
U= Torna — (9) . (E22)
SR 421 (C)sin?(0) 4+ C 1 cos?(0))
We must incorporate into this the diffusive speed
6kpT
Upirf= . E23
Difs \/[677/1&—&—”6\[ [20“+4CL]]1§ (E23)

Finally, to compare with experimental data, which mea-
sured the swimming speed in a single plane, we must
multiple by JQT3 to account for the reduced degrees of
freedom. We obtain the final speed

2
Utotal:\/;\/UQ—‘rUinff

(E24)
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Model: Predictions for the optimal range of k,,, from the injection-diffusion model

In this section we review the derivation of the flagella
growth law from the injection-diffusion model and detail
the analysis leading to the predicted narrow range of
kon for optimal filament elongation shown in Figure 2 of
the main text. Following Ref. (1), the density of flagellin
monomers u(x,t) at position x inside the flagella channel
evolves according to a diffusion equation,

-
dt T da?’

where D is the diffusion coefficient for the monomers. At
the growing end, x = L, we assume monomers quickly
polymerize onto the flagella, so that u(L,t) = 0. At the
basal end, x = 0, the insertion rate for in empty filament
is kon, but insertion is decreased if the filament is not
empty. Thus, the net flux of monomers per unit time
inserted at the basal end is

(E25)

_ D du(z,1)
I dz ’

=0

Jo = kon[l —u(0,8)] = (E26)

where [ is the length of the extended flagellin monomer
inside the channel. Note that the second equality
comes from writing the diffusion equation, Eq. (E25),
as the derivative of the flux, du/dt = —ldJ,/dx with
Jz = —(D/l)du/dz. Since the elongation of the filament
is slow compared to motion of individual monomers, we
assume a quasisteady state for the monomer density,
d?u/dx? = 0 or J, constant. Enforcing this condition
leads to linear decay of the monomer density in the fila-
ment with constant slope du/dz = —u(0)/L. Combined
with Eq. (E26), we obtain a relation between the filament
length and basal end monomer density

L

O Dl

(E27)
Finally, the growth rate of the filament is dL/dt = 8.Jy,,
where (3 is the increase in length due to polymerization
of one monomer and J;, = —(D/Z)du/dxf:E:L is the
monomer flux at the growing end of the filament. Since
the flux is constant, we obtain

dL 8D 1 _a
dt 1 D/(knl)+L b+L’

(E28)

where we define a = 3D/l and b= D/(konl). Integrating
this equation gives the growth curve for the filament,

L(t) = —b+ /b +2at.

We fix 8 = 0.47nm, | = 74nm (1), and determine D and
kon by fitting to growth curves measured in the multilabel-
ing experiments (Figure 3B). Fixing D = 6-10" 13 m?s~!
to the fit value, we use the model to predict how the
flagella growth depends on the injection rate ko, .

The red curve in Figure 2A shows the elongation L
given in Eq. (E29) as a function of k., for growth time

(E29)

Halte etal. | Bacterial motility depends on a critical flagellum length and energy-optimized assembly

t = 20min. Solving for ¢ we obtain the time to reach a
particular flagella length,

L

2a

t(L,kon)=—(2b+1L). (E30)
The dependence of t(L, kon) ON koy is shown by the blue
curve in Figure 2A for L = 2.5 um, the minimal length
required for motility.

To understand the improvements in performance associ-
ated with increasing ko, we compute the gain in time to
reach motility (L = 2.5 um) from doubling ko,

At(kon) == t(kon) - t(ZkOH) =

, E31
o OV
which is shown in green in Figure 2B. Finally, we define
the marginal cost to be the required increase in insertion
rate Ak, to reduce the time to reach motility by At
seconds,

At(Akon) = t(kon) — t(kon + Akon). (E32)
Solving for Ak, the marginal cost is
k2, BAt

The purple curves in Figure 2B show the marginal cost
for a few different gains At.
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Model: Arrival and insertion timescales and the associated energy cost

As described in the main text, the injection of flagellin
into the flagella channel involves two timescales: arrival
t, (how long it takes a partially unfolded FIiC to arrive at
the flagella base) and insertion ¢; (how long it takes for
the pmf-powered complex to fully insert the FIiC). These
combine to set the overall on rate k., = (t, +t;) ! for
FliC. Energy is consumed in both the arrival and insertion
process. Association with the chaperon FIliS puts FIiC
in a partially unfolded state suitable for insertion; energy
must be dissipated when the chaperon is removed before
it arrives at the flagella base. The insertion complex
then must overcome the free energy difference (including
both entropic and enthalpic contributions) between the
partially unfolded and nearly straight configurations. We
will estimate each of the time scales ¢, and t; and their
relation to the energy input for these functions.
Insertion time and energy cost. We model the insertion
process using force balance between the drag force,
driving force, and resistant entropic force. The former
arises due to friction coefficient ugl which is proportional
to the current length of insertion [. The pmf driving force
pushes the FliC into the channel with constant force
fa, while an entropic force f, tends to push FIiC out
of the channel (where the protein has access to more
configurations). Writing the driving force fy = G/dl in
terms of the energy G expended in one pmf cycle and
the insertion distance dl per cycle, we have the following
force balance equation,

,uolﬂ = Go/&—fr. (E34)
dt
Solving for [(t), we obtain
(0 = 2 (Go/1~ ). (E35)
0

The total insertion time is defined by i(¢;) = L with L =
74 nm being the length of the entire extended flagellin
protein. Solving for ¢;, we find
poL?
ti=————. E36
2(Go/ol—1,) (E%0)
Finally, we express the total energy for insertion E; =
(L/51)Gy in terms of ko, = (t, +1t;) 1, treating ¢, as a
constant (since t,, is independent of the insertion energy
cost),

~ pol?

L3k
Ei _ —|—AG= Ko on

2t; 2 (1 - konta)

+AG, (E37)
where AG = f,.L is the total entropy difference between
the free floating and fully inserted FliC. Notice that ¢, sets
an upper bound max (k,,,) = (t,) ! that is only exactly
achieved with infinite dissipation by the pmf, Gy — oo
(which leads to infinitely fast insertion, t; — 0).

To proceed, we estimate the drag constant from the
diffusion coefficient for flagellin in the flagella chan-
nel that was fitted from the injection-diffusion model:

Halte etal. | Bacterial motility depends on a critical flagellum length and energy-optimized assembly

D = 0.6um?/s, so that pug = kgT/(DL) = (2.3 x
10~8s/nm?) x kpT. Because this drag coefficient is
very small, the insertion process is very fast. The pmf
energy per cycle is roughly ~ 6k 5T and we estimate the
entropic energy cost for inserting by §/ ~ 1 —2nm to be
around ~ 2 —4kgT (10), which is dominant compared
to the enthalpic difference estimated in calorimetry ex-
periments (11). Thus, the denominator in Eq. (E36) is
O (kpT) and the resulting insertion time ¢; ~ O (10~*s).
This calculation, using L = 74nm, assumes the extended
flagellin in the channel is alpha-helical (12, 13), but in a
beta-strand conformation the chain would be about twice
as long. The longer flagellin length leads to a slightly
slower, but still rapid, insertion time t; ~ O(10~3s). In
either scenario, compared to the measured k_,! ~ 0.03s,
we see that insertion is not the dominant timescale;
spending more energy to decrease t; has negligible
impact on the overall insertion rate k,,,. It is important
that the pmf is strong enough to overcome the entropic
force f;, but once this is the case, the insertion step will
be extremely fast.

It is also worth noting that the excess energy cost
for this fast insertion is relatively small: FE;/AG =
1+ poL3/ (2t;AG) =~ 1.25 for AG = 200kgT and t; =
10~%s. The cell only spends ~ 25% more energy than
if it executed the insertion adiabatically (infinitely slowly
with minimal energy cost).

Arrival time and energy cost. From the analysis in the
preceding section, we have shown that the insertion
rate k., is limited by the arrival of FliC at the insertion
complex. We assume the arrival time t, is diffusion
limited and that once the FIiC is within a distance d
of the insertion complex (the “capture radius”) it binds
with probability 1 and is quickly inserted into the flagella
channel as described above. The mean first passage
time for a partially unfolded FliC to diffuse to the injection
site is then,
1

ta = ——==>
4rdD.[C],

(E38)
where D, is the partial unfolded FliC diffusion constant
in fluid (outside the flagella channel), and [C],, is the
concentration of partially unfolded FliC. Note that [C],,
is specifically the local concentration near the flagella
base, where the binding to the insertion complex occurs.
The concentration need not be uniform throughout the
cell if the chaperon FIiS is preferentially removed near
the flagella base (either by the ATPase or some pmf-
powered energy consuming mechanism). Increasing
the dissipation rate can drive the system to a higher
concentration of partially unfolded FIiC, thereby reducing
the arrival time ¢, via Eq. (E38). If the concentration were
uniform, the minimal arrival time is simply set by the total
FliC concentration [C]) ,tmin = (47dD, [C’]O)*l. On the
other hand, if the ATPase activity is localized near the

flagella base, we have tyin = (47dD. [C]gﬁ)*l, where
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[C]Sff > [C], is some effective maximal concentration
due to the localization of the ATPase/pmf activity. With
this strategy, the cell can increase the local concentration
above cell’s average concentration [C],,.

To model the energetics, we will use a simple two-state
model (see main text, Fig. 4) for the populations of the
chaperoned flagellin FliC-FIiS and the free partially un-
folded flagellin FliC, with concentrations [C], and [C],,
respectively with [C]SH =[C], +[C],. There are two
transitions between these states: (1) chaperon removal
with rate k.g (with reverse rate k! ) likely involving the
ATPase or a pmf powered mechanism (e.g. interactions
with the FIhA ring before the FIiC reaches the export
gate) and (2) FIiC that is not injected can rebind to FIiS,
with rate ks (and reverse rate k.). There are clearly
sub-steps within this cycle, for example binding to the
ATPase/FIhA or the FIiC folding before binding to a new
chaperon. However, because little is known about these
mechanisms (and the associated reaction rates), we opt
for the minimal coarse-grained model. Each of these
reactions are highly irreversible so the FIliC tend to follow
the cycle clockwise between the two states.

The model has steady state concentrations,

o ks + k.
ps = [CL,/[Cly" = ==t
° (E39)
e koff + k‘g
pu=[Cl,/[Cl" = ==,
tot

where kot = ks + £, + ko + k.. The dissipation rate
of this system is given by,

. puk
S = (puks _pskfg) log (pl:kZ)

© (puklyy — pakot) log 2ot
ot e Pskoft

_ Kowks —high! | <k7gkf>
Frot K ok,
eES (eAG _ 1)

T ¢B0 1 02Fs 4 ¢Bo+Es 4 oBs+AG

(E40)

ksAG,

where in the final line we introduce Ey = logks/kl =
log kgﬂ/kgff and Ey = log ks/kgﬁ. Here kgﬂr is the “bare”
rate for the chaperon removal pathway with no energy
input. This rate is enhanced by the dissipative mecha-
nism AG: kog = kOgexp (AG). All energy scales are
expressed in units of kpT'. The dissipation per flagellin
ejection is then equal to E, = St, ~ S /kon. We can simi-
larly write the arrival time (and hence kqp, ~ t;l) in terms
of the cycle dissipation AG by combining ¢, = tmin/Pu
and Eq. (E39),

1 ePs (eE5+eE0) -
kon:tmin I+ eFo +6ES+AG :

Finally, eliminating AG, we express the energy cost per
flagellin ejected directly in terms of the resulting injection

(E41)
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rate kon,
Ea(kon) =k (tmin + eiEs (tmin - k(;nl))

Eontmin (€50 + s

1- kontmin
Eg
€ ékontmin
~ kstmin log | ——oonmin )
stmin 108 (1 - kontmin>

(E42)

where in the final line we have taken the large F
limit to make the approximation. Notice that the en-
ergy cost diverges logarithmically as ko, — t;iln, it
takes infinite energy to increase k., toward this lim-
iting value. Conversely, the energy cost vanishes at
kon = [(1+€”*) tmin] ! This injection rate is achieved
just by spontaneous dissociation of the FIiS chaperone
from FIiC but is extremely small because this is a rare
event, Bs > 1.

A plot of the energy is shown in the main text (Figure 4).
Here we used the following parameters: E; = 20kpT,
FEo=10kgT, and t,ijn = 0.01s. The minimum time scale
is roughly estimated using D, = 10 ym?/s, d = 1 nm,
and [C], = 1000/um? leading to tyin = 0.008 s. Fig. 4
in the main text also shows the efficiency n = U/E,,
where U is the measured swimming speed as a func-
tion of flagella length. To express swimming speed in
terms of k,,, we use the length after 30 mins of growth
predicted by the injection-diffusion model fit to our mea-
surements of flagella growth. The peak efficiency falls
in the measured range ko, = 20 — 50 s~! and the quan-
titative shape of this curve is quite robust in the E; > 1
regime. For smaller F;, the peak tends to move toward
slightly smaller kqp,.

Supplementary Information | 9



Table S2. Key constant physical parameters used in the swimming model. These are calculated in this section, except for NV, which
is the average number of flagella observed in the experiments.

Parameter Symbol Value Units
Fluid dynamic viscosity I3 2.61x 1073 Pas
Body radius a 6.5252x 107 m
Flagellar parallal drag coefficient  C| 4.168 x 1073 Pas
Flagellar normal drag coefficient C 5.689 x 1073 Pas
Number of flagella N 5

Table S3. Key physical variables of the swimming model.

Parameter Symbol Units Equation
Flagella length l m

Flagella angle 0 E21
Forwards swimming speed U m/s E22
Diffusive speed Udigy m/s E23
Total speed Utiotal m/s E24

Table S4. Key physical results, obtained by least squares matching of the swimming model to experimental data, or calculated
from such values.

Parameter Symbol Value Units Calculation method
Driving force (per flagellum) F 1.094x 10712 N Matching with data
Critical length le 2.508 x 1076 m Matching with data
Hook spring constant K 9.4612x 10~  Nm E4
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