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Strict maternal transmission creates an “asymmetric sieve” favoring the spread of mutations
in organelle genomes that increase female fitness, but diminish male fitness. This phenom-
enon, called “Mother’s Curse,” can be viewed as an asymmetrical case of intralocus sexual
conflict. The evolutionary logic of Mother’s Curse applies to each member of the offspring
microbiome, the community of maternally provisioned microbes, believed to number in the
hundreds, if not thousands, of species for host vertebrates, including humans. Taken togeth-
er, these observations pose a compelling evolutionary paradox: How has maternal trans-
mission of an offspring microbiome become a near universal characteristic of the animal
kingdom when the genome of each member of that community poses a potential evolu-
tionary threat to the fitness of host males? | review features that limit or reverse Mother’s
Curse and contribute to resolving this paradox. | suggest that the evolution of vertical
symbiont transmission requires conditions that mitigate the evolutionary threat to host

males.

he genomes of mitochondria, chloroplasts,
Tand many symbiotic microbes are trans-
mitted maternally by host females to their off-
spring. Maternal transmission can be transovar-
iole (intracellular, within the egg) or contagious,
during gestation, birth, or feeding (Sonneborn
1950; Smith and Dunn 1991; Gillham 1994;
O’Neill et al. 1997). Vertically transmitted
(VT) symbiont lineages tend to be genetically
homogeneous within hosts (Birky et al. 1983,
1989; Funk et al. 2000). Maternal uniparental
transmission creates an “asymmetric sieve”
wherein mutations advantageous for females,
but harmful for males, can spread through a
population (Cosmides and Tooby 1981; Frank

and Hurst 1996; Zeh and Zeh 2005; Burt and
Trivers 2006). Such mutations spread because
deleterious male-specific fitness effects do not
affect the response to natural selection of the
maternally transmitted entities. This adaptive
process favoring the transmitting sex is called
Mother’s Curse (MC) (Gemmell et al. 2004)
and it has been referred to as an irreconcilable
instance of intralocus conflict: “... exclusively
maternal transmission of cytoplasmic genes
(e.g., in mitochondria) can result in sub-
optimal mitochondrial function in males ... a
form of [intralocus sexual conflict] that appar-
ently cannot be resolved, because selection on
mitochondria in males cannot produce a re-
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sponse” (Bonduriansky and Chenoweth 2009,
p- 285).

Mitochondria are ubiquitous in animals
and despite the indisputable evolutionary logic
of MC (Frank and Hurst 1996) there are no
reported cases of sperm-Kkilling or son-killing
mitochondria (Burt and Trivers 2006). More-
over, many species of animals possess an off-
spring microbiome, a community of microbes
transmitted uniparentally from mother to off-
spring at some point in development, whether
prefertilization, postfertilization, or postnatal
(Funkhouser and Bordenstein 2013). In some
vertebrates, including humans, this community
is believed to number in the hundreds of species
(Funkhouser and Bordenstein 2013). Prolonged
periods of maternal care, as in mammals and
birds, as well as kin-structured sociality, afford
many opportunities for maternal provisioning
of microbes to developing offspring. The so-
cial insects, in particular, show obligate mutu-
alisms with a microbiome that confers impor-
tant nutritional benefits for its host (Baumann
2005; Engel and Moran 2013), the termites being
a classic example (Ikeda-Ohtsubo and Brune
2009).

Together, the evolutionary logic of MC and
the widespread existence of maternally trans-
mitted hereditary symbioses pose a paradox
for evolutionary biology. The maternally pro-
visioned microbiome (MC) consists of tens to
hundreds of genomes affording ample oppor-
tunity, along with mitochondrial and organelle
genomes, for the occurrence of mutations that
benefit females while harming host males. As-
sembling a VT community as a host nutritional
or defensive adaptation requires evading MC
not once, but from a continuous siege over
evolutionary time. This is the Mother’s Curse—
microbiome (MC—MB) paradox. It conceptual-
lyaffiliated with the “paradox of mutualism,” the
persistence of interspecific mutualisms despite
the advantages of cheating by one or the other
member of the mutualism (Heath and Stinch-
combe 2014). Symbiont “cheating” on only half
the members of a host species, the males, might
offer marginal benefits relative to wholesale
cheating on both host sexes. Nevertheless, the
MC-MB paradox deserves research attention.

In this review, I discuss inbreeding, kin se-
lection, compensatory evolution, and defensive
advantages against more virulent pathogens
(or predators and herbivores) as means for
resolving the MC—MB paradox. First, I review
the simple population genetics of MC. I dis-
cuss how host inbreeding and kin selection
(Unckless and Herren 2009; Wade and Brand-
vain 2009), alone or in concert, allow for a re-
sponse to selection on male fertility and via-
bility fitness effects of maternally transmitted
genomes. As a result, inbreeding and kin selec-
tion can limit or prevent the spread of muta-
tions in a hereditary symbiosis (Cowles 1915)
that are harmful to males. I will show that, for
both inbreeding and kin selection, there exist
conditions that “favor the spread of maternally
transmitted mutations harmful to females”; a
situation that is the reverse of MC. However,
many outbreeding, asocial species harbor ma-
ternally provisioned microbiomes and these so-
lutions cannot be applied to them.

I also consider the evolution of compensa-
tory nuclear mutations that mitigate or elimi-
nate the harm to males of organelles or symbi-
onts, spreading via MC dynamics. However, I
find that the relative rate of compensatory evo-
lution is only 1/4 the rate of evolution of male-
harming symbionts. Thus, an evolutionary res-
cue of host males via compensatory host nu-
clear mutations requires that there be fourfold
or more opportunities for compensation of-
fered by a larger host nuclear genome. The larg-
er the number of species in a host microbiome,
the more difficult it is to entertain host nuclear
compensatory mutations as a resolution of the
MC-MB paradox.

Next, I consider the situation in which a
deleterious, VT symbiont harms its host but
prevents host infection by a more severely dele-
terious contagiously transmitted pathogen
(Lively et al. 2005; see also Clay 1988). This is a
case in which absolute harm to a host by a ma-
ternally provisioned symbiont becomes a “rela-
tive” fitness advantage. This is a scenario that
may be common in hosts with speciose micro-
bial communities, especially if each microbial
species increases host resistance or outright im-
munity to infectious, virulent pathogens.
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Finally, I discuss models of symbiont do-
mestication and capture via the evolution of
vertical transmission from an ancestral state of
horizontal transmission (Drown et al. 2013). I
show that the evolution of vertical transmis-
sion requires conditions that tend to restrict
the capacity for male harming by symbionts.
Each of these scenarios significantly expands
the range of evolutionary possibilities permitted
for the coevolution of host—symbiont assem-
blages, especially those microbial communities
that are maternally, uniparentally transmitted
across host generations. Unfortunately, current
data do not permit discriminating among these
various evolutionary responses to MC, so none
can be definitively considered a resolution of the
MC-MB paradox.

MC
Viability Fitness

Consider a species with alternative, maternally
inherited, cytoplasmic alleles, C; and C,, in fre-
quencies P and Q at birth before selection in
both males and females. The alleles can be hap-
loid genes of either organelles or symbionts. Let
the C; allele have sex-specific fitness effects, s
and sg, on the viability of males and females,
respectively (Table 1). I assume there is no effect
on fitness, positive or negative for either sex of
allele C,. In males, the change from birth to adult
in Pis AP5 = PQss /W in which mean male
fitness Wy = 1 + s P Similarly, the change in
C, allele frequency in females is APo = PQso/
Wo, in which Wo = 1 + soP. Owing to mater-

Evolutionary Limits of Mother’s Curse

nal transmission, offspring receive the cytoplas-
mic allele of their mothers, so change in the
frequency of C; across generations is simply,
APg = PQSQ/ Wo. Thus, the allele spreads as
long as so > 0. (Both sons and daughters re-
ceive mother’s allele, justifying the assumption
of equal frequencies in both sexes at birth.) The
parameter sy does not appear in the equation
for allele frequency change, making cytoplasmic
evolution blind to fitness effects on males.

Less than perfect maternal transmission
or the paternal leakage of mitochondria has
only a small effect on these equations. Let L be
the probability that an offspring inherits the
paternal mitochondria and (1 — L) be the prob-
ability that it inherits the maternal mitochon-
dria. Then, we have Po’ = (1 + sg)(Po +
LX)/Wg, in which Wo becomes (1 + Poso
+ LXso) and X is (P3Qo — PoQg). Here,
APg = {PoQoso/Wol+{LX(1 + Qsg)/Wo}.
Note that, when L = 0, we return to the equa-
tions above. The second term, added to APg by
paternal leakage, will tend to be small as long
as L is small because X tends to be much less
than 1. Thus, small amounts of paternal leakage
do not rescue MC.

Fertility Fitness

Again, consider a species with alternative, ma-
ternally inherited, cytoplasmic alleles, C; and
C,, in frequencies Pand Q in both sexes at birth.
The alleles can be genes of either organelles or
symbionts. Let the C; allele have sex-specific
fitness effects, s and so on the fertility of
males and females, respectively (Table 1) and

Table 1. The fundamental viability and fertility fitness models of MC

Sire Dam Frequency Sons Daughters Family
Family Viability fitness
C, C PsPo 1+ sg 1+ sg
C; C, Po"QQ 1 1
G, C QgPo 1+ sg 1+ so
G C QsQo9 1 1
Fertility fitness
C, C; PsPo 1 1 1+sg5+s9
Cl C2 PO"QQ 1 1 14+ S
C, C, QP9 1 1 1+ sg
G, C, QsQ9 1 1 1
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assume, again, no effect of the C, allele. The
change in C, frequency equals AP = PQso/W,
in which mean family fitness, W, equals (1 +
P[sg + sol). As for the viability fitness model,
the C, allele spreads as long as so > 0 and evo-
lution is blind to this allele’s fertility effects on
males. If mean fertility of the C; x C; family
was multiplicatively determined, that is, (1 +
sg)(1 + s9), then AP = PQsq(1 + Psz)/W,
in which W= (14 P[sg + so] + sto’SQ)-
Although Ps5 appears in the numerator of the
AP expression, the term [1 + Psg] is always
positive. Moreover, with 0 < (1 4 Psy) < 1,
multiplicative fertility effects impede, but do
not prohibit, MC relative to the additive effects
model.

For both models, MCis the case in which s
< 0 < sg, wherein mutations beneficial to fe-
male fitness (0 < s¢) spread despite impairing
male fitness (s < 0).

MC WITH INBREEDING
Viability Fitness

For viability effects of C; (Table 2, upper), the
change in C; allele frequency in females is APg

= PQsq/Wg,inwhich Wo = (1 + soP)asbe-
fore. Owing to maternal transmission, offspring
receive the cytoplasmic allele of their mothers,
so change in the frequency of C; across genera-
tions is also AP = PQsg / Wo. Thus, the allele
spreads as long as so > 0, and, with effects only
on viability, inbreeding has no effect at all on the
rate of spread of C;. Neither fnor s appears in
the equation for allele frequency change, mak-

ing cytoplasmic evolution blind to viability fit-
ness effects on males and inbreeding.

Fertility Fitness

For this case (Table 2, lower), we find the change
in C, frequency to be APg = PQ(so + fs)/
Wo, in which Wo = 1 + (s¢ + sg)P. When-
ever there is inbreeding ( f > 0), the effect of the
C, allele on sons’ fertility “differentially” affects
the fertility of their C; sisters. (Note that, when
there is no inbreeding [ f= 0], I recover the
earlier equation.) Change in C, frequency will
be positive as long as the quantity (so + fs) is
positive. Earlier, Wade and Brandvain (2009)
remarked on the relationship between this con-
dition and Hamilton’s rule (Hamilton 1967)
when the effects on female fertility are positive,
but those on males are negative. Recall that, MC
is the case in which s < 0 < s¢. For gene fre-
quency change to be positive in this case, the
fitness benefit of C; to a female, so, must exceed
the product of the relatedness to her mate, f,
times the fitness cost of C; to her mate, ss
Thus, inbreeding sets limits on MC. There are
clear parallels between the restrictions on cyto-
plasmic male effects of MC with inbreeding and
Hamilton’s (1967) discovery that inbreeding
limits X-linked or Y-linked selfish, sex ratio dis-
torters.

In fact, there are conditions in which in-
breeding favors maternally inherited cytoplas-
mic alleles with “deleterious” effects on females,
but positive effects on males. Change in C; fre-
quency is positivewhensg < 0 < s, aslongas
fso exceeds so, which is the reverse of MC.

Table 2. Inbreeding and the viability and fertility fitness models of MC

Sire Dam Frequency Sons Daughters Family
Family Viability fitness

C C P5Po + QgPof 1+ s 1+ s¢

G () PgQo(l - f) 1 1

G, C QuPo(l -f) 1+ sg 1+ so

Fertility fitness

Cl Cl PdPQ + QO?'PQf 1 1 1 + S -+ SQ

Cl Cz PdQQ(l —f) 1 1 1 +Sd

G, C QgPo(1-1) 1 1 1+ s¢

G, C, QyQge + PyQef 1 1 1
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NUCLEAR COMPENSATORY MUTATIONS

Consider alternative host nuclear alleles, A, and
A,, such that the A, allele acts additively to re-
store the fitness of C; males from (1 + sy) to 1,
in which s < 0. More specifically, the A;A;C,
homozygotes have fitness equal to 1, A;A,C,
heterozygotes have fitness of (1 + [sg/2]),
and A,A,C, homozygotes have fitness equal to
(1 + sg). The rate of evolution of the compen-
satory A, allele is APy, = Pc1Pa) Pas sg/4Ws
in which Wg = (1 + Pa;ss). The rate of com-
pensatory evolution relative to the evolution of
male-harming organelles or symbionts depends
on the relative values of s¢ and s If the benefit
to females from C, equaled the harm to males,
then the rate of compensatory evolution is only
(14P¢c;) that of the organelle or symbiont. The
rate of evolution of the A, allele is diminished for
three reasons. First, because its fitness advantage
is only in the male sex, copies of A; in females
are not screened by natural selection. All else
being equal, this reduces the rate of evolution
by a factor of 1/2 (Wade 1998; Demuth and Wade
2005; van Demuth and Wade 2007; Cruickshank
and Wade 2008). Second, only those copies of
the A, allele in males that occur on the C; back-
ground enjoy a fitness benefit. This reduces
the rate of evolution by a factor of Pc;. And,
third, the fitness difference between A;A,C,; and
A,A,C; homozygotes is s, a scale set by the
haploid-harming organelle or symbiont. Al-
though the scale of the fitness difference between
nuclear homozygotes can be either s or 2s with-
out affecting AB the scale is fixed by fitness ef-
fects caused by the other genome. This reduces
the rate of evolution by another factor of 1/2.
Although nothing is known about the rate
of mutation of organelles and symbionts to
male-harming, female-beneficial states, it is un-
likely that differential mutation rates, in which
Mnuclear > Msymbiont> €an offset the large reduc-
tion in rate (14Pc;) of host nuclear compensa-
tory evolution. In most animals, the mutation-
rate differential runs in the opposite direction
(i-e" Mmitochondria > u‘nudear)’ and it is hkely
that the same is true for most symbionts. More-
over, if initially Pnuciear = K(Msymbiont)s in
which K is the number of symbionts in the mi-

Evolutionary Limits of Mother’s Curse

crobiome, once the maternally provisioned mi-
crobiome reached (K/4)-species, the initial ad-
vantage of nuclear compensatory evolution over
male-harming organelle and symbiont evolu-
tion would be eroded.

MC AND KIN SELECTION

Consider a species living in matrilineal family
groups in which sons make essential contribu-
tions to the viability of their female relatives. Let
C; and C, be alternative, maternally inherited,
cytoplasmic alleles, in frequencies Pand Q, and
let f be the inbreeding parameter. The C; allele
has two viability fitness effects, s and sg, one
on the viability of C; males and the other on that
of C; females, respectively. Additionally, let sp5
be the effect of viable C; males on the fitness of
their sisters; thus, sp is a kin selection or family
effect. We assume that only surviving males in-
fluence the fitness of their sisters, so that the
effect on family fitness is modulated by the sur-
vival of C; males and becomes {1 + sp5(1 +
se)} (see Table 3). We further assume that fam-
ily and individual female viability fitnesses are
multiplicative.

With these assumptions, the general equa-
tion describing the one-generation change in
allele frequency caused by selection is

APg = PoQo(sg + sks,[1 + 5] N
x [1+s0])/Wo,

inwhich mean femalefitness Wo = 1 + Po[so
+ sksg{l + sg {1 + sg}]. This is also the
change in frequency of C; between generations
because the frequency of the C; allele in daugh-
ters of the next generation equals the frequency
in the surviving females.

Here, inbreeding has no effect on the rate of
evolution because the frequency of helpful sons
born to C; mothers is not affected by the mating
system. When sgs is 0, AP reduces to the clas-
sic formula PoQoso /W (Wright 1969, p. 163,
Equation [6.1]; or Hedrick 2000, p. 105). The
direct effects of C; on male viability, s have
no effect on the evolution of C; unless males
are helping (sgs > 0) or harming (sxsg < 0)
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Table 3. Model I: Kin selection in which sons assist sisters

Sire Dam Frequency Family fitness Sons Daughters
Family
C, C,; PyPo +QO7'P9f 1+ spz(l + s5) 1+ sg 1+ s
Cy C, P5Qo(1 -f) 1 1 1
C, C, QgPo(1-1) 1+ spg(1l + sg) 1+ sg 1 +sg
C, G, QgQg + P5Qef 1 1 !

their sisters. In the absence of the indirect effect
on sisters (sgsg = 0), maternal transmission
precludes an evolutionary response to male-spe-
cific viability selection (Frank and Hurst 1996;
Burt and Trivers 2006).

Some taxa with mutualistic microbiomes
have both inbreeding and male-helping behav-
ior, for example, termites (Reilly 1987), but
there are also taxa with microbiomes that are
neither social nor inbreeding (Funkhouser and
Bordenstein 2013). Resolving the MC—MB par-
adox in these taxa may be more difficult. I dis-
cuss two additional possibilities in the next two
sections.

COMPETITIVE COEXISTENCE OF
SYMBIONTS AND PATHOGENS

Members of the maternally provisioned micro-
biome are believed to be derived from free-liv-
ing forms by a process sometimes referred to as
“symbiont capture” or “symbiont domestica-
tion” (Maynard Smith and Szathmary 1998).
Importantly, vertical transmission favors de-
creased symbiont virulence because it aligns
the evolutionary interests of host and symbiont
(Smith 2007). For this reason, VT symbionts
must enhance host fitness or they will be lost
from the host population in the same manner as
a deleterious mitochondrial gene (Fine 1975;
Ewald 1987; Lipsitch et al. 1995, 1996). The
nutritional benefits of the maternally provi-
sioned microbiome have long been considered
(reviewed in Funkhouser and Bordenstein
2013). Defensive benefits to the offspring pro-
vided by maternal symbiont transmission are
also well known (Clay 1988; Clay and Schardl
2002). There is one such defensive benefit that
increases host relative fitness that may be quite
general, namely, a host fitness benefit that de-

rives from possessing a VT symbiont, which
prevents host infection by another free-living
and more virulent member of the same or a
similar taxon (Lively et al. 2005).

Free-living, virulent parasites often adapt to
the most frequently encountered host genotypes,
and they are believed to be one of the evolution-
ary forces driving the maintenance of sexual
reproduction (Lively 2010). Although some
such parasites encounter one host sex more
than the other and, subsequently, specialize on
that host sex (Duneau et al. 2010), many free-
living, virulent parasites are host generalists and
not host sex-specific in their incidence or fitness
effects. The presence of infectious free-living
virulent parasites can allow a VT symbiont,
which prevents host infection by the free-living
virulent form, to increase in frequency. More-
over, the rate of its spread increases as the fidel-
ity of maternal transmission increases (Lively
2010). Importantly, in the models explored by
Lively (2010), not only does the virulent form
persist in the host population (albeit at very low
frequency), but its virulence is also increased.

Once a symbiont species becomes a member
of the maternally provisioned microbiome, the
origin in its genome of male-specific harmful
mutations benefiting host females becomes a
possibility. However, the spread of such a
male-harming mutation allows the coexisting,
virulent species to specialize on host females
(Duneau et al. 2010), which become the more
abundant host sex as the male-harming muta-
tion spreads. This results in a diminishing fit-
ness advantage to host females of the male-
harming symbiont. Once the fitness benefit to
host females is lost, the male-harming mutation
stops spreading. The enhanced virulence of the
free-living pathogen (Lively 2010) may acceler-
ate this process.
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Overall, the harmful effects of the endo-
symbiont on host males are counterbalanced
by the harmful effects of the free-living patho-
gen on host females. Thus, restriction of male-
harming mutations, originating in the genomes
of members of the maternally provisioned mi-
crobiome, may depend on the female-biased,
sex-specific counteradaptations of the free-liv-
ing virulent species, excluded from the host by
its prior occupancy by the VT defensive sym-
biont.

This scenario accounts for both the high
species diversity of the maternally provisioned
microbiome and the restriction of the male-
harming mutations arising from it. Like models
for the evolution of sex, however, it depends on
the virulence of a free-living pathogen relative
to that of the VT symbiont. It requires a careful
balance of sex-specific, deleterious effects on
host fitness. The plausibility of establishing
such an evolutionary balance for each member
of the maternally provisioned microbiome re-
mains to be explored in both theory and exper-
iment.

EVOLUTION OF TRANSMISSION MODE
IN OBLIGATE SYMBIONTS

Special conditions appear to be necessary to
evolve from an ancestral state of horizontal
transmission to a derived state of vertical trans-
mission (Drown et al. 2013). These conditions
are relevant to understanding the evolutionary
origins of the maternally transmitted micro-
biome, and they may contribute to resolving
the MC—MB paradox by reducing the capacity
of a VT symbiont to generate male-harming,
but female-beneficial mutations.

One necessary condition is transgenomic
epistasis for fitness between host and symbiont
genes, like that characteristic of matching al-
lele models in host-pathogen models (Agrawal
and Lively 2002) and additive-by-additive clas-
sical epistasis for fitness in population genet-
ic models (Drown et al. 2013). Unless there
are gene combinations that enhance the fitness
of both host and symbiont, vertical transmis-
sion does not evolve from an ancestral state of
horizontal transmission. It is selection favoring

Evolutionary Limits of Mother’s Curse

the mutually advantageous combinations that
generates the indirect selection on mode of
transmission.

A second necessary condition is repeated
mutation in the genomes of both host and sym-
biont. Without repeated mutation, advanta-
geous transgenomic combinations are quickly
fixed and indirect selection favoring vertical
transmission ceases. Repeated mutation is nec-
essary for maintaining an influx of advanta-
geous, transgenomic gene combinations in
much the same way that rapid adaptation of
virulent parasite genotypes to common host ge-
notypes is required for the maintenance of sex.
With a continuous influx of such mutations,
vertical transmission is a stable evolutionary
endpoint for a matching alleles model (Drown
et al. 2013).

With regard to host-harming mutations,
this mutational phase acts as an evolutionary
sieve, removing deleterious transgenomic com-
binations and preserving favorable ones. Verti-
cal transmission evolves only to the extent that
mutational combinations arise and success-
fully pass through this sieve. This period in the
evolution of maternally transmitted symbiont
communities can be fairly long, so that many
mutational combinations, in both host and
symbiont, are screened. This sieve may represent
such a significant barrier to admission of a spe-
cies to the VT symbiont community of its host
that very few species with a capacity for host
male-harming mutations are admitted. Con-
versely, many species with a capacity for host-
harming mutations are excluded.

This theory proposes a mutational sieve that
occurs earlier in the process of the evolution
of vertical transmission that leaves little, if any,
genetic material for the “asymmetric sieve” of
MC. The study of symbionts with both modes
of transmission (Lipsitch et al. 1996) will be
necessary to determine whether or not mem-
bership in the maternally provisioned biome is
exclusive to only a few symbiont species. It will
also help determine whether or not the reduc-
tion in genome size, often observed in such
symbionts (Sloan and Moran 2012), restricts
their capacity for generating host male-harming
mutations.
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CONCLUSIONS

The evolutionary logic of MC and the wide-
spread existence of maternally provisioned sym-
bioses pose a paradox for evolutionary biology.
The high species diversity of the microbiome
affords ample opportunity for the occurrence
of mutations that benefit host females while
harming host males. Host nuclear compensa-
tory mutations that mitigate the male-specific
fitness effects of VT symbionts may exist and
spread, but their rate of evolution is less than
1/4 that of the male-harming symbiont muta-
tions they are meant to counter.

Recent theory (Unckless and Herren 2009;
Wade and Brandvain 2009) has shown that,
whenever host males affect the fitness of female
relatives or whenever there is inbreeding, there
are evolutionary restrictions placed on MC.
However, the existence of these effects alone
cannot resolve the MC—MB paradox because
many host species with a maternally provi-
sioned microbiome are neither social nor in-
breeding.

In this review, I have proposed two possible
evolutionary scenarios that may contribute to
the resolution of the MC—MB paradox: (1)
the competitive coexistence of symbionts and
pathogens, and (2) the mutational exclusivity
of membership in the maternally provisioned
microbiome. Although each is plausible, both
proposals are speculative and require additional
theoretical and empirical investigation. Each
makes different empirical predictions. For ex-
ample, the competitive coexistence hypothesis
predicts that some members of the maternally
provisioned community exclude infection by
more virulent free-living pathogens. This could
be tested by comparing the susceptibility of
hosts with and without a specific VT symbiont.
This is not sufficient, however, to establish the
competitive coexistence hypothesis as true. A
VT symbiont and one or more free-living path-
ogens must show sexually antagonistic effects
on their host, with the VT symbiont differen-
tially harming host males and the free-living
pathogens differentially harming host females.
The eradication of a free-living pathogen may
result in the loss of a less virulent symbiont and,

at least in some instances, should result in the
spread of male-harming mutations caused by its
VT counterpart.

Experimentally establishing the mutational
exclusivity of membership in the microbiome
may well be more difficult. But, the study of
symbionts with both modes of transmission
(Lipsitch et al. 1996) may offer the best oppor-
tunity. Those with higher levels of vertical trans-
mission should be farther along in the evolu-
tionary process than those with lower levels. The
former should be capable of fewer host-harm-
ing mutations than the latter and such a diffe-
rence might be revealed with replicated, muta-
tion-accumulation experiments. On the other
hand, if membership in the maternally provi-
sioned biome is not exclusive, many member
species will be of recent origin. Comparison of
the communities of taxonomically related hosts
may be useful in addressing this possibility.
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