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SUPPLEMENTARY TABLES

Table S1. Definitions and parameters values for fertilization dynamics adapted from Styan (60).

Symbols Definition Values

c Cross-sectional area of egg (mm?) 0.04-1.5 (0.01)*
Sperm swimming speed (mm st) 0.140 (66)

E Egg density per unit female density (egg mL™ per indiv. m?) 0.112%/c
Sperm density per unit male density (sperm mL™ per indiv m™2) 700 (54)

Fe Fertilization efficiency 0.094"

T Sperm half-life (s) 5,400 (67)

ty Time for polyspermy block (s) 1 (68)

Po Biomolecular collision constant (mm3s) GV

X Average number of potential fertilizing sperm 15

b Average number of extra fertilizing sperm that contacts an egg Equation 3

Note: T denotes that these egg diameter (mm) values were converted to cross-sectional area of egg
(mm?) during the model. * This value was calculated by multiplying egg density and egg volume
to keep the overall fecundity for different egg sizes the same. * denotes unpublished data provided
by Maria Byrne (University of Sydney, Australia).



Table S2. Definitions and values of parameters for non-stage-based population dynamics model.

Symbols Definition Values
Parameters
k Adult carrying capacity (indiv. m?) 100
% Settlement constant (mL m?) 1
d Mortality rate of change 0.1
ma Max adult mortality 0.99
B Importance of egg size 300 — 3,000 (300)
g Enhanced growth (fecundity enhancement, %) 0-3(0.1)
r Feminization rate 0.5-0.99 (0.06)
Mg Male killing rate 0-0.99 (0.03)
Functions
Lo Larval survival Equation 6
Ma Adult mortality Equation 7
Variables
Nt Density of all adult indiv. at time t 0.2
Nt Density of adult females at time t 0.1
Nm.t Density of adult males at time t 0.1
Nzt Density of initial zygotes at time t N/A
N*,¢ Density of zygotes at time t after male killing N/A
Nzt Density of new females at time t N/A
Nzm.t Density of new males at time t N/A

Note: Capital letters are functions or variables, and initial values are given when available. Zygote
density units are zygotes per uL and adult density units are individuals per m?. Numbers in
parenthesis indicate step size in sensitivity analyses.



Table S3. Definitions and values of parameters for quantitative genetic population model.

Symbols Definition Values
Parameters
k Adult carrying capacity (indiv. m?) 2.6
% Settlement constant (mL m?) 1,000
ma Adult mortality 0.9
h? Heritability 0.05
B Importance of egg size 250 — 750 (10)
g Enhanced growth (fecundity enhancement, %) 0-2(0.5)
My Male killing rate 0-0.98 (0.02)
r Feminization rate 0.5-0.99 (0.01)
\Y Rate parameter determining how egg size 250 — 750 (10)
influences B.
Functions
By Effective B parameter modifier Equation 14
Lo Larval survival Equation 15
S5 Selection differential Equation 16
R Response to selection Equation 17

Note: Capital letters are functions or variables, and initial values are given when available. Zygote
density units are zygotes per puL and adult density units are individuals per m?. Numbers in
parenthesis indicate step size in sensitivity analyses.



Table S4. Candidate marine invertebrate genera of a microbe-mediated evolutionary transition in

developmental mode.

Candidate taxa

Phylum Class Genus Region References
Echinodermata Asteroidea Astropecten NW Pacific (69)
Cryptasterina Oceania (70)
Meridiastra Oceania (55)
Parvulastra Oceania (55, 71)
Echinoidea Heliocidaris Oceania (20, 49)
Holothuroidea Holothuria Caribbean (72, 73)
Ophiuroidea Macrophiothrix Oceania (56, 58)
Ophiocoma Oceania (74)
Ophiomastix Oceania (74)
Ophionereis Oceania (75)
Molluca Gastropoda Crepidula Atlantic (11, 76)
Pacific
Additional taxa-of-interest
Phylum Class Genus Region References
Annelida Polychaeta Diopatra N Atlantic 9)
Platynereis Global 77)
Echinodermata Asteroidea Aquilonastra Oceania (55)
Asterina N Atlantic (55, 71)
Echinoidea Clypeaster Caribbean (78)
Phyllacanthus Oceania (79, 80)
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Fig S1. Relative importance of the B parameter to egg size and larval survival. (A) The
relationship between egg size and larval survival at B values from 600 to 3,000 using Equation 6.
(B) Stable egg size (um in diameter) across B parameter (i.e., the offspring survival function)
values for populations without a manipulator (gray) compared to those with a feminizing (light
blue) or male killing (dark blue) manipulator that also enhances growth.
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Fig S2. Egg size and magnitude of the second peak in relative survival increases with
manipulation rate. The evolutionary shift in stable egg sizes due to a microbial manipulator
results in two fitness peaks, one representing planktotrophy and another for lecithotrophy (see, Fig
1C). The magnitude in relative fitness (i.e., manipulated compared to un-manipulated; dashed line)
for this 'lecithotrophy’ peak directly relates to manipulation rate as well as the egg size (solid line)
at which that peak occurs. As such, the peak in relative survival and the egg size of that peak
increases with manipulation rate. This was consistent for a manipulator with the capacity for
feminization (left) or male killing (right) and can compensate host fitness by supplementing host
nutrition.
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Fig S3. Influence of B parameter, feminization, and enhanced growth on egg size evolution.
Evolutionary stable egg size (um in diameter) across feminization (0.50 to 0.99 at increments of
0.03) and enhanced growth rates (0 to 3.0 at increments of 0.1) when the B parameter equals 300
(A), 900 (B), 1,500 (C), or 3,000 (D). Evolutionary stable egg sizes were determined using the
invasion grid analysis model. Grey shading indicates parameter combinations that resulted in
unviable populations.
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Fig S4. Influence of B parameter, male killing, and enhanced growth on egg size evolution.
Evolutionary stable egg size (um in diameter) across male killing (0 to 0.99 at increments of 0.03)
and enhanced growth rates (0 to 3.0 at increments of 0.1) when the B parameter equals 300 (A),
900 (B), 1,500 (C), or 3,000 (D). Evolutionary stable egg sizes were determined using the invasion

grid analysis model. Grey shading indicates parameter combinations that resulted in unviable
populations.
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Fig S5. V parameter determines how egg size modifies the B parameter and the relationship
between egg size and larval survival. (A) The relationship between egg size and how the B
parameter is modified at different V values using Equation 14. (B) The relationship between egg
size and larval survival at different V values when B = 250 (Equation 15).
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Fig S6. Speed and reversal of a microbe-induced evolutionary transition in developmental
mode. (A) If a free-spawning marine invertebrate associates with a microbe that has the capacity
for male killing (MK; dark blue; solid line) or feminization (FEM; light blue; solid line) and for
enhanced growth (EG; i.e., a nutritional symbiosis), then egg size (um in diameter) increases
enough that the host can undergo an evolutionary transition in developmental mode. This change
in egg size and development is preceded by a shift in sex ratio (dashed lines) that is caused by the
microbial manipulator. (B) Removal of a microbe that manipulates by feminization or male killing
and enhanced growth from a stable population following an evolutionary transition in
developmental mode. Egg size following removal of the microbial manipulator nearly results in a
return to a population that never associated with a microbial manipulator (gray). Parameter values
are the same as Fig 2 before loss of microbial manipulator.
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Fig S7. Presence, not magnitude, of enhanced growth influences stable egg size. Heat map of

stable egg sizes at different male killing rates and enhanced growth factors across different
combinations of B and V values.
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Fig S8. Feminization and enhanced growth results in similar patterns as male killing and
enhanced growth. The conditions for a microbe-mediate evolutionary transition in developmental
mode depends on the ecological conditions of the host (i.e., B parameter) as well as the
manipulating capability of the microbe (i.e., V parameter). These factors create a gradient in the
sex ratio (A) needed to induce an evolutionary transition in developmental mode (i.e., at 300 pm)
as well as a gradient in the stable egg sizes that follow this transition (B), with the mean egg size
for each combination presented here. No evolutionary transition may also be observed when
ecology heavily favors planktotrophy and the manipulating capability of the microbe is weak
(gray, top left of A). When ecology favors larger egg sizes, only enhanced growth is needed for an
evolutionary transition to occur and no manipulation in sex ratio (light blue, bottom right of A).
The microbe here represents feminization and enhanced growth, but a nearly identical pattern is
observed for male killing and enhanced growth (Fig 3).
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Fig S9. Egg size (um in diameter) increases with feminization (left) and male killing (right)
rates. Egg size increases at a given manipulation rate as V decreases. B parameter for this graph is

set at 250. Grey line indicates evolutionary stable egg size for when there is no microbial
association.
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Fig S10. Stable maximum egg size increases with microbial manipulation and decreases with

V parameter. This pattern is similar for a microbe that manipulates host reproduction by
feminization (A, left) or male killing (B, right).
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Fig S11. Stable egg sizes following a microbe-mediate evolutionary transition in
developmental mode. Distribution of stable egg sizes (um; A, top) and relative egg volume (um3;
B, bottom) following an evolutionary transition in developmental mode that was induced by a
microbe that manipulates host reproduction by feminization (left) or male killing (right) and can
compensate host fitness by supplementing host nutrition. These distributions represent the full
range of stable egg sizes, as opposed to Fig 3 that present the mean value for a given combination
of the B and V parameters.
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