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Abstract

This document includes the following Supplementary Methods and Figures for the paper: “Ex-

plosively launched spores of ascomycete fungi have drag minimizing shapes”:

I Interpolation of drag-minimizing shapes to arbitrary Reynolds numbers (Fig. S1).

II Discussion of the mechanics of spore flight, including the possible effect of friction within

the ascus (Fig S2).

III List of ascomycete species included in our analysis (Fig S3).

IV Measurement of force of selection in the family Pertusariaceae (Fig S4).

∗ To whom correspondence should be addressed. E-mail: mroper@seas.harvard.edu
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I. INTERPOLATION OF DRAG-MINIMIZING SHAPES

Computation of exact drag minimizing shapes using our gradient-descent algorithm (see

Methods and Materials) is computationally expensive. For this reason, we interpolate from

the aspect ratio and drag data for exact optimal shapes at a small set of values of Re

to intermediate values of Re, by approximating the minimum-drag body by the least-drag

spindle formed by rotating the arc of a circle around the associated chord, and carrying out

a single parameter search over chord to width ratios to find the spindle shape of minimum

drag. Figures S1A and B show, respectively, the interpolation of the aspect ratio and drag of

the optimal shapes between four exactly determined drag minimizing shapes (for Re = 0.1,

1, 5, 10) by these spindles.

Since real spores do not have pointed apices, it is more appropriate to compare the

shapes of real spores with least-drag ellipsoids. The aspect ratio of least-drag ellipsoids

is systematically less than that of the exact drag minimizing shape (Fig. S1A), but the

difference in drag is very small (Fig. S1B).
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FIG. S1: Numerical calculation of drag minimizing shapes. A Interpolation of optimal aspect

ratio between exact values (×) for Re = 0.1, 1, 5, 10 using least-drag spindles (—). Least-drag

spindles approximate the drag-minimizing shape as a segment of a circle revolved around its chord.

Least-drag ellipsoids (—) lack fore and aft apices and have significantly smaller aspect ratios than

the exact drag-minimizing shapes. B Variation of drag with Re. The best spindles have drags

very close to the minimum realizable drag at Re = 0.1, 1, 5, 10. The key to symbols is identical

to panel A. To compare the influence of body shape upon drag at different speeds, we plot drag

improvement (% reduction in drag for an optimal shape compared to a sphere of the same volume).

Although the aspect ratios of least-drag ellipsoids depart significantly from the aspect ratios of the

exact drag minimizing shapes, the best ellipsoids come very close to the minimum possible drag

for their size.
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II. MECHANICS OF SPORE EJECTION AND FLIGHT

In this session we introduce three modeling assumptions that are made to find optimal

spore shapes:

(i) Singly ejected unappendaged spores travel with fixed orientation in flight, and do not

carry significant amounts of ascus fluid with them.

(ii) Spore shapes are not selected to maximize the speed of launch by minimizing frictional

losses within the ascus.

(iii) The speed for which optimal spore shapes are selected is identified with the speed of

launch.

(i) We expect spores to travel with a fixed orientation in flight, because in order to leave

the ascus the spores pass through a narrow aperture. This aperture takes the form of a

thickened ring of tissue in inoperculate fungi, or a narrow chimney set beneath a lid in

suboperculate fungi, and is likely to fix the initial alignment of the spore, acting somewhat

like the barrel of a mortar. Fluid dynamical instabilities that cause large projectiles such

as thrown American footballs to tumble in flight are suppressed in this range of projectile

speeds and sizes. We also assume that passing through the aperture separates spores both

from each other, and from the epiplasm that fills the inflated ascus, so that spores are

quite clean on leaving the ascus [3]. Although our high speed imaging does not provide

sufficient resolution to confirm either of these assumptions, evidence for both is supplied by

the frequency with which spores land long-axis in the direction of travel (indicating that

they have not tumbled in flight) and well separated from droplets of ascus fluid, as can be

seen in Figure S2A, taken from [6].

(ii) The spore may experience significant friction from the ascus walls when it passes

through the aperture. This leads to considerable reduction in launch speed from the values

expected from estimates of the over-pressure within the ascus (i.e. from (1)), and may cause

the launch speed to depend upon spore shape. In fact it has been speculated that the shapes

of forcibly ejected spores may be adapted to ensure the largest possible velocity of ejection

[3], rather than for the minimization of drag in flight as we have hypothesized. Although

such a constraint would also produce systematic differences of shape between ejected and

non-ejected spores, we would expect it to produce selection for oblate, rather than prolate,
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FIG. S2: A Spore print from a single ascus of the Sordariomycete species Gibberella zeae. The

originating perithecium (outside of the image) lies to the upper left of the figure. Spores are clean

of ascus sap, and point in the direction of travel. Scale bar: 100µm. Reprinted with permission

from Mycologia (ref. 7) ( c© 2002 The Mycological Society of America). B Sketch of a simple model

for the effect of ascus friction upon launch speed. The friction on the spore is strongest in a thin

lubricated layer of length L separating the spore and aperture walls.

spore shapes, as can be seen in a simple model of the process by which the spore is accelerated

by turgor pressure within the ascus (Fig. S2B).

Consider a spore that is accelerated by a turgor pressure ∆p, and experiences wall-friction

from the aperture, which has length L and is sufficiently elastic to conform to the spore wall

along the entire of this length. Denote by x the length of spore that has emerged from

the ascus and assume that the greatest source of resistance to spore motion comes from

the thin layer of fluid intercalated between the spore and aperture walls. We assume that

this fluid layer has some constant thickness h which is maintained, for instance, either by

elastohydrodynamic or electrostatic forces or by rigid decorations upon the spore surface.

When moving through the aperture at speed U , the spore therefore encounters a lubrication

drag of 2πηsr(x)U/h, where r is the local spore radius at the point of contact with the walls
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of the aperture and ηs is the viscosity of the ascus sap. A force balance upon the spore then

gives:

mU
dU

dx
= πr(x)2∆p− 2πηr(x)U(x)

h
, (S1)

where the left hand side represents the inertia of the spore (we write m for the mass of the

spore), and the right hand side the pressure and friction forces. For an ellipsoidal spore

with length 2` and width 2w, r(x) = (w/`)
√
x(2`− x) and we may rewrite the dynamical

equation (S1) by scaling x by ` and the velocity of the spore by the launch speed in the

absence of retardative force, (8πw2`∆p/3m)1/2, to obtain:

U
dU

dx
=

3

8
x(2− x)− F

√
x(2− x)U (S2)

where the F is the dimensionless strength of the friction force acting upon the spore:

F ≡

√
3π`η2

sL
2

2m∆ph2
. (S3)

F → 0 corresponds to very weak wall friction. Accurate determination of the parameter

F would require measurement of the thickness of the lubrication layer, h. Assuming a

lubrication layer of thickness 0.1µm, then for Sordaria fimicola (` = 11µm, w = 7.5µm,

L ≈ 1µm [1, 5]) in water (ηs = 10−3 Pa s), we estimate that F = 0.08. Note however that

the drag retardation due to friction can be made arbitrarily small if ` → 0: thus if spore

volume is prescribed then maximizing the speed of launch favors highly oblate spores, which

minimize the duration of contact with the walls of the aperture.

Our phylogenetic survey provides no evidence of forcibly ejected oblate spores, signalling

that, in this form at least, launch speed maximization has not significantly contributed to

the evolution of spore shape.

(iii) An additional assumption is our identification of the optimal speed of the spore

with the speed of launch. The speed of an spore ejected into perfectly still air decreases

quickly after launch, from the launch velocity U0, which we know to be on the order of

m s−1 to the speed of its steady sedimentation, which is typically just mm s−1. Under such

circumstances, most of the distance traveled by the spore is covered during the very early

stages of its motion [8], as can be seen most transparently for projectiles with Re < 1, for

which application of Eq.(2) gives that the distance traveled by a spore in any interval of time

is directly proportional to the decrement in its velocity over that interval. In such cases, the
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distance averaged velocity of the spore over the entire trajectory of the spore is just half of its

launch speed. Note moreover that although the speed of the spore decreases asymptotically

linearly with distance, the characters of the optimal spore shape vary much more slowly

(apparently logarithmically) with the speed or size of the spore. Thus comparing real with

optimal spores does not require precise knowledge of the speed of the spore or identification

of the point in the spore trajectory for which range is optimized.
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III. LIST OF RETAINED AND EXCLUDED SPECIES

The following criteria were used to exclude species from our analysis of forcibly ejected

spore shapes. Letter codes are used to annotate a tree diagram of the retained and excluded

species in Fig. S3.

• Fungi with no known sexual state (A) or not producing ascus-like spore sacs (T),

including the Saccharomycotina, most of the Taphrinamycotina, and many Lichenous

species.

• Ascus-producing species that do not explosively eject their spores (E), including the

Eurotiomycetes and marine species of Sordariomycete.

• Species in which spores are not singly ejected (P). Since spore ejection has been directly

observed in only a small number of species, and ascus ultra-structure recorded only

in a small fraction of type descriptions, we have included in this list all polysporous

species, including all Acarosporomycetidae.

• Ballistic species with appendages (Ap) or mucilaginous sheathes (Sh) spores, since

such appendages are known to promote clumping of spores into single masses [4].

• Ballistic species with filiform spores (F). These spores are known to take up to 1 s to

be ejected, and are likely to have launch velocities less than that of other members of

the phylum [2]. We speculate that the great length of the spores (often in excess of

0.1 mm) allows them to physically span the boundary layer during the ejection process.

• Transversely septate (S) or muriform (M) species. Some spores of septate species, such

as Cordyceps, Acarosporina and Hypocrea citrina are known to disarticulate into part

spores either within the ascus or during ejection.

We also substituted the following species that were excluded according to one of the

above criteria by closely related species that met all criteria:

• Punctelia rudecta, T, replaced by P. perreticulata.

• Ionaspis lacustris, Sh, replaced by I. lavitra.

• Astrocystis cocoes, Ap, replaced by A. cepiformis.
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• Hypocrea citrina, S, replaced by H. rufa.

To ensure coverage of the entire range of observed spore sizes, the phylogeny was supple-

mented with the following large-spored species (binned by volumetric radius):

• 10–20 µm: Chorioactis geaster, Pertusaria flavicans, P. chiodectonoides, P. geminipara

• 20–30 µm: Ochrolechia oregonensis, Pertusaria islandica, P. flavicunda, P. paratubi-

culifera, P. glomerata, P. pustulata, P. xanthostoma,

• 30–40 µm: Pertusaria macounii, P. plitania, P. multipuncta, P. opthalmiza,

• 40–50 µm: Pertusaria panyrga, P. albescens, P. velata, P. pseudocorallina,

• 50–60 µm: Pertusaria lactea, P. dactylina, P. bryontha, P. monogona, P. melanchora,
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FIG. S3: Annotated tree of life for the Ascomycete fungi. Excluded species are marked with the

rationale for exclusion (A,T,E,P,Ap,Sh,F,S,M). Substituted species are marked (*). The colour-

coding of the classes is the same as for Figure 2a. Of 267 species from the original phylogeny, 73

species had forcible ejection and lacked additional adaptations so were used in our analysis. A fur-

ther 4 species had adaptations but were substituted for by congeneric species lacking adaptations,

and 25 additional large spored species were added.
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IV. ESTIMATING THE FORCE OF SELECTION FOR DRAG MINIMIZING

SHAPES IN THE FAMILY PERTUSARIACEAE

We compute the parameters representing the relative contributions from drift and se-

lection to spore shape in the family Pertusariaceae by maximizing the probability of the

invariant distribution of the process (3) producing the real species data. The small sample

size (36 species) makes these this method of parameter estimation highly-sensitive to out-

lying data, but a good fit is achieved if we simply discard the small slender-spored species

Loxosporopsis corallifera.
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FIG. S4: Fitting the Pertusaria spore shape data (blue crosses) with the strong-selection model

of Eq.(3). The blue ellipses are isoprobability contours. The dashed line gives the optimal spore

aspect ratio. Because of the small sample size (N = 36), the maximum likelihood estimators of

the model parameters are over-sensitive to unusual spore shapes, and one outlying species (L.

corallifera, red cross) had to be discarded when fitting the model.
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