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ABSTRACT

Environmental shifts and life-history changes may result in formerly adaptive traits becoming non-functional or
maladaptive. In the absence of pleiotropy and other constraints, such traits may decay as a consequence of neutral
mutation accumulation or selective processes, highlighting the importance of natural selection for adaptations. A suite
of traits are expected to lose their adaptive function in asexual organisms derived from sexual ancestors, and the
many independent transitions to asexuality allow for comparative studies of parallel trait maintenance versus decay. In
addition, because certain traits, notably male-specific traits, are usually not exposed to selection under asexuality, their
decay would have to occur as a consequence of drift. Selective processes could drive the decay of traits associated with
costs, which may be the case for the majority of sexual traits expressed in females. We review the fate of male and female
sexual traits in 93 animal lineages characterized by asexual reproduction, covering a broad taxon range including
molluscs, arachnids, diplopods, crustaceans and eleven different hexapod orders. Many asexual lineages are still able
occasionally to produce males. These asexually produced males are often largely or even fully functional, revealing
that major developmental pathways can remain quiescent and functional over extended time periods. By contrast,
for asexual females, there is a parallel and rapid decay of sexual traits, especially of traits related to mate attraction
and location, as expected given the considerable costs often associated with the expression of these traits. The level of
decay of female sexual traits, in addition to asexual females being unable to fertilize their eggs, would severely impede
reversals to sexual reproduction, even in recently derived asexual lineages. More generally, the parallel maintenance
versus decay of different trait types across diverse asexual lineages suggests that neutral traits display little or no decay
even after extended periods under relaxed selection, while extensive decay for selected traits occurs extremely quickly.
These patterns also highlight that adaptations can fix rapidly in natural populations of asexual organisms, in spite of
their mode of reproduction.
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I. INTRODUCTION

Studies on how natural selection favours adaptations typically
focus on the evolution of novel traits (e.g. Cracraft, 1990;
Moczek, 2008; Brakefield, 2011; Moczek et al., 2011).

* Author for correspondence (Tel: +41 21 692 4151; E-mail: tanja.schwander@unil.ch).
† Present address: Department of Ecology and Evolution, University of Lausanne, 1015 Lausanne, Switzerland

However, the fate of traits that no longer contribute
to fitness can also highlight the importance of natural
selection for the maintenance of adaptations (Fong, Kane
& Culver, 1995; Wiens, 2001; Porter & Crandall, 2003;
Lahti et al., 2009). Formerly adaptive traits may become
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non-functional, or even maladaptive, as a consequence of
environmental shifts or changes in life history, accompanied
by changes in selective pressures (Fong et al., 1995; Lahti
et al., 2009). Such traits often decay, i.e. become reduced
or disappear completely, a process sometimes referred to as
vestigialization.

Vestigialization is a form of regressive evolution, which
may be an order of magnitude more frequent than the
evolution of novel traits (Fong et al., 1995). Prominent
examples for vestigialization are found in the parallel eye and
pigment loss in a range of cave-dwelling organisms (Wilkens
& Strecker, 2003; Jeffery, 2009; Protas, Trontelj & Patel,
2011), reduced wings of flightless birds (McNab, 1994), or loss
of innate defence behaviours in the absence of the relevant
threats (e.g. Coss, 1999; Lahti, 2006). Less conspicuous
than vestigialization of morphological or behavioural traits,
regressive evolution has also been uncovered for physiological
and metabolic pathways. For example, fat synthesis has
decayed in parallel in different parasitoid wasps, most likely
because the constant availability of host-produced lipids
rendered the parasitoids’ own synthesis pathways redundant
(Visser et al., 2010). Other ‘cryptic’ examples of regressive
evolution stem from hosts becoming dependent on formerly
parasitic bacteria for such fundamental processes as oocyte
development or sex differentiation (Dedeine et al., 2001;
Zchori-Fein, Borad & Harari, 2006; Timmermans & Ellers,
2008; Kageyama, Narita & Watanabe, 2012).

Trait decay is not necessarily accompanied by
degeneration of the molecular pathways underlying the
development of its functional version. Maintenance of
pathways may stem, for example, from pleiotropy where the
same gene networks function in several processes (Fong et al.,
1995). Thus, even if a character is phenotypically absent,
the genetic information responsible for its development
can remain quiescent, occasionally resulting in character
expression.

II. PROCESSES UNDERLYING TRAIT DECAY

A trait can decay via different processes, depending on
whether the formerly adaptive trait is neutral or maladaptive
in the new selective environment (Fong et al., 1995; Hall
& Colegrave, 2008). In the first case, the trait would be
under relaxed selection whereby trait-affecting mutations
that would have been removed by selection under the past
conditions may accumulate and fix via drift (e.g. Lande, 1978;
Hall & Colegrave, 2008; Lahti et al., 2009). This process of
decay, often referred to as neutral mutation accumulation,
would be expected to proceed slowly (Teotónio & Rose,
2000; Hall & Colegrave, 2008).

In the second case, if a formerly adaptive trait becomes
maladaptive in a new selective environment, the trait would
be expected to regress rapidly, driven by selection for reduced
trait expression (Hall & Colegrave, 2008). Decay would then
proceed until the character is gone, or simplified to an
intermediate stage where further reduction is no longer

adaptive (Prout, 1964; Fong et al., 1995; Zuk, Rotenberry
& Tinghitella, 2006). Such trait reduction could also be
selected for indirectly if the reduction of a useless trait
releases constraints on functions that contribute to fitness
and/or allows for reallocation of limited resources (Prout,
1964; Regal, 1977; Fong et al., 1995; Eckert, 2001; Dorken,
Neville & Eckert, 2004).

A major challenge for studies of trait decay in natural
populations has been to disentangle neutral from selective
processes driving the reduction of specific traits. A successful
approach to demonstrating selective processes has been the
analysis of traits with variable expression whereby selection-
driven decay is revealed by fitness benefits in individuals with
strongly reduced expression (Eckert, 2001; Dorken et al.,
2004). In many cases however, there is little variation among
individuals in the level of trait reduction, and a similar
approach could not provide positive evidence for decay
driven by neutral mutation accumulation.

Part of the difficulty in identifying processes underlying
trait decay stems from a lack of information on the costs
of traits and genetic correlations among them, as well as a
lack of parallel trait losses (Lahti et al., 2009). Here, we show
that regressive evolution of sexual traits in parthenogenetic
all-female lineages (hereafter referred to as asexual lineages)
can provide insights into both decay via drift and selective
processes. Indeed, the many independent origins of asexual
lineages from sexual ancestors in a broad range of taxa
allow for comparative studies of trait decay. In addition,
an exceptionally large range of sexual traits, including
physiological, behavioural and morphological traits should
be affected by transitions to asexuality. As a consequence,
the fate of (putatively) neutral as well as highly costly traits
can be investigated.

III. DECAY OF SEXUAL TRAITS IN ASEXUAL
LINEAGES

In the transition from sexual reproduction with separate
male and female sexes to asexuality in all-female lineages,
many formerly adaptive traits should lose their adaptive
value (Carson, Chang & Lyttle, 1982). These sexual traits
range from traits involved in mate location and attraction, to
courtship and copulation behaviours, to traits specific to the
male sex (e.g. Carson et al., 1982; Pannebakker et al., 2004;
Lehmann et al., 2011; Fig. 1).

Because certain sexual traits are not expressed at all in
asexuals, these traits should only decay as a consequence of
drift. Prime candidates for such neutral traits would be any
trait specific to males. Most asexual lineages either produce
no males at all, or if they do, the extremely rare ‘accidental
males’ appear to have no mating opportunities or success
in natural populations (e.g. Gottlieb & Zchori-Fein, 2001;
Schön, Rossetti & Martens, 2009; Mirab-Balou & Chen,
2010; Schwander et al., 2013). Thus, male-specific traits are
either not expressed, or are only expressed in individuals
that have zero fitness (the males). In both cases, male-specific
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Fig. 1. Sexual traits expected to be under relaxed or negative
selection in asexuals. Drawings courtesy of Laurent Bes.

traits are not exposed to selection and could therefore only
regress at a neutral rate.

In contrast to the male-specific traits, female-expressed
traits formerly involved in mate attraction are unlikely to be
neutral in asexuals. In addition to energy costs associated
with the production of mate-attraction signals, pheromones
and acoustic signals are prime targets for predators and
parasitoids to locate their prey (e.g. Zuk & Kolluru, 1998;
Zuk et al., 2006). Thus, the production of such signals should
be under strong negative selection in asexual females, where
mate attraction is superfluous.

Here, we review the fate of sexual traits in animal species
characterized by asexual reproduction. A literature survey
for descriptions of male and/or female sexual traits in
asexual lineages allowed us to obtain information for 93
asexual lineages, representing a diversity of taxa from 11
different hexapod orders, diplopods, arachnids, crustaceans
and molluscs (Table 1). By investigating different trait
categories across independently derived asexual lineages,
we develop insights into trait decay via drift and selection.
We focus on asexual all-female species deriving from sexual
ancestors with separate sexes, to standardize comparisons
between the male and female sex. We further exclude cases
of asexuality where successful reproduction is dependent on
individuals of the opposite sex, as is the case for different
types of sperm-dependent parthenogenesis (e.g. Lamatsch &
Stöck, 2009) or male asexuality (e.g. Foucaud et al., 2007;
Hedtke et al., 2008). In these cases, individuals of the asexual
lineage still need to attract individuals of the opposite sex and
mate, such that costs and benefits associated with sexual traits
in these species should be more similar to sexual species than
to typical sperm-independent asexuals. We use unexpressed
traits, which are associated with little or no costs, to predict
the level of trait decay expected in the absence of selective
processes. By identifying parallel and rapid trait reductions
across organisms from very different ecological contexts,

we then highlight sexual traits that are universally costly in
natural populations of asexual lineages.

IV. TESTING FOR DECAY OF SEXUAL TRAITS

It is not possible to evaluate the functionality of a trait
that is not expressed (as is the case for male traits in
asexual lineages where no males are known and where
male production cannot be induced). For expressed sexual
traits, two approaches are used to investigate their decay in
an asexual lineage. First, it is sometimes possible to examine
a specific character directly via functional assays (for example
testing for sperm motility; Gottlieb & Zchori-Fein, 2001;
Zchori-Fein et al., 2001) or detailed histological examinations
(for example in spermathecae, evaluating the presence of
specific glandular tissues required for functional storage of
sperm; Gotoh et al., 2012). Alternatively, trait values for
asexuals are compared to corresponding values in the closest
sexual relatives whereby it is relevant to use appropriate
sexual references. Appropriate references are particularly
important when traits involving interactions between males
and females are assessed, which concerns many, if not most,
sexual traits. For example, to assess the production of mate-
attraction signals by asexual females, sexual males are used
as signal responders (Gottlieb & Zchori-Fein, 2001; Adachi-
Hagimori, Miura & Abe, 2011; Schwander et al., 2013). This
may pose a problem in some cases, given that sexual traits
can diverge rapidly between populations, such that reduced
sexual attractiveness of females to sexual males may be due
to population divergences rather than to reduced signal
production (i.e. decay) as a consequence of asexuality. In
such cases, comparisons among different sexual populations
can be useful to disentangle the effect of asexuality from
between-species divergences (Schwander et al., 2013).

Complementary information on sexual traits involving
interactions between females and males can be obtained
from males produced by females of some asexual species
(see Section V). In this case, detailed behavioural and
morphological observations are often necessary to distinguish
whether an apparent lack of a sexual function stems from
regressive evolution in females, males or both sexes such that
comparisons with sexual relatives may still be pertinent. In
addition, obtaining enough such asexually produced males
for replicated tests may be impossible, as often only a few
male individuals are known to occur in entire species (e.g.
Smith, Kamiya & Horne, 2006; Baur, 2010; Mirab-Balou &
Chen, 2010).

A notable exception to such sample limitation stems from
hymenopteran species in which asexuality is induced by
infection with bacterial endosymbionts (e.g. Stouthamer,
Luck & Hamilton, 1990a; Pannebakker et al., 2005; Kremer
et al., 2009). In sexual hymenopterans, unfertilized (haploid)
eggs develop into males whereas diploid eggs develop
into females (haplo-diploid sex determination). Thus virgin
sexual females produce exclusively haploid eggs giving rise
to sons. Females infected with parthenogenesis-inducing
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hö

n
et

al
.
(2

00
9)

A
R

A
C

H
N

ID
A

A
ra

n
ea

e
C

oe
lo

te
s

tr
og

lo
ca

ec
us

Sp
id

er
ob

l
X

X
:X

O
?

D
N

?
—

—
—

—
—

N
c

—
—

—
Sh

im
oj

an
a

&
N

is
hi

hi
ra

(2
00

0)
D

ys
de

ra
hu

ng
ar

ic
a

Sp
id

er
A

X
X

:X
O

?
F?

N
?

—
—

—
—

—
Y

—
—

—
K

or
en

ko
et

al
.
(2

00
7,

20
09

)
T

he
ot

im
a

m
in

ut
is

si
m

us
Sp

id
er

ob
l

X
X

:X
O

?
D

N
?

—
—

—
—

—
N

c
—

—
—

E
dw

ar
ds

et
al

.
(2

00
3)

T
ri

ae
ri

s
st

en
as

pi
s

Sp
id

er
ob

l
X

X
:X

O
/X

X
:X

Y
?

F?
N

?
—

—
—

—
—

Y
—

—
—

B
ur

ge
r

(2
00

9)
an

d
K

or
en

ko
et

al
.
(2

00
9)

Ix
od

id
a

H
ae

m
ap

hy
sa

li
s

lo
ng

ic
or

ni
s

(3
n

st
ra

in
)

T
ic

k
A

X
X

:X
O

D
D

Y
Y

—
N

—
N

—
N

N
—

O
liv

er
(1

97
1)

an
d

O
liv

er
et

al
.

(1
97

3)
S

ar
co

p
ti

fo
rm

es
P

la
ty

no
th

ru
s

pe
lt
if
er

O
ri

ba
tid

m
ite

ob
l

U
nk

no
w

na
D

D
Y

Y
d

0e
0e

Y
N

c
—

0e
N

—
T

ab
er

ly
(1

98
7,

19
88

)
N

ot
hr

us
pa

lu
st

ri
s

O
ri

ba
tid

m
ite

ob
l

U
nk

no
w

na
F

D
Y

Y
0e

0e
Y

—
—

0e
N

—
T

ab
er

ly
(1

98
7,

19
88

)
N

ot
hr

us
sy

lv
es

tr
is

O
ri

ba
tid

m
ite

ob
l

U
nk

no
w

na
F?

D
Y

Y
0e

0e
—

—
—

0e
N

—
T

ab
er

ly
(1

98
7,

19
88

)
T

rh
yp

oc
ht

ho
ni

us
te

ct
or

um
O

ri
ba

tid
m

ite
ob

l
U

nk
no

w
na

D
D

Y
Y

d
0e

0e
Y

N
c

—
0e

N
—

T
ab

er
ly

(1
98

7,
19

88
)

T
ro

m
b

id
if

or
m

es
B

ry
ob

ia
pr

ae
ti
os

a
C

lo
ve

r
m

ite
ob

lf
H

ap
lo

di
pl

oi
d

F
D

Y
f

Y
—

Y
—

—
—

—
Y

N
W

ee
ks

&
B

re
eu

w
er

(2
00

1)
B

re
vi

pa
lp

us
ca

li
fo

rn
ic

um
Fl

at
m

ite
ob

lf
H

ap
lo

di
pl

oi
d

F?
D

Y
f

Y
—

—
—

—
—

—
—

N
G

ro
ot

&
B

re
eu

w
er

(2
00

6)
B

re
vi

pa
lp

us
ob

ov
at

us
Fl

at
m

ite
ob

lf
H

ap
lo

di
pl

oi
d

D
D

Y
f

Y
—

Y
N

N
—

—
Y

N
G

ro
ot

&
B

re
eu

w
er

(2
00

6)
B

re
vi

pa
lp

us
ph

oe
ni

cu
s

Fa
lse

sp
id

er
m

ite
ob

lf
H

ap
lo

di
pl

oi
d

F?
D

Y
f

Y
—

—
—

—
—

—
—

N
Pi

jn
ac

ke
r

et
al

.
(1

98
1)

an
d

G
ro

ot
&

B
re

eu
w

er
(2

00
6)

D
IP

L
O

P
O

D
A

N
em

as
om

a
va

ri
co

rn
e

M
ill

ip
ed

e
A

X
X

:X
O

/X
X

:X
Y

F
D

Y
Y

—
Y

Y
Y

g
N

c
—

—
—

E
ng

ho
ff

(1
96

7)
H

E
X

A
P

O
D

A
C

ol
le

m
b

ol
a

F
ol

so
m

ia
ca

nd
id

a
Sp

ri
ng

ta
il

A
X

X
:X

O
D

D
Y

Y
Y

?
—

—
N

—
N

N
N

?
K

ia
ut

a
(1

97
0)

an
d

B
uo

no
(2

01
1)

C
ol

eo
p

te
ra

C
is

fu
sc

ip
es

B
ee

tle
A

X
X

:X
Y

?
?

D
Y

?h
Y

h
—

—
—

—
—

—
N

N
L

aw
re

nc
e

(1
96

7)
D

ip
te

ra
D

ro
so

ph
il
a

m
er

ca
to

ru
m

Fr
ui

tfl
y

A
X

X
:X

Y
?

D
N

?
—

—
—

—
—

—
N

—
—

C
ar

so
n

et
al

.
(1

98
2)

E
p

h
em

er
op

te
ra

A
m

el
et

us
lu

de
ns

M
ay

fly
ob

l
X

X
:X

O
?

F?
?

Y
Y

—
—

—
—

—
—

—
—

Fu
nk

et
al

.
(2

00
6)

C
en

tr
op

ti
lu

m
tr

ia
ng

ul
if
er

M
ay

fly
ob

l
X

X
:X

O
?

F?
D

Y
Y

—
—

—
—

—
—

—
N

i ,
j

Fu
nk

et
al

.
(2

00
6)

H
em

ip
te

ra
R

ho
pa

lo
si

ph
um

pa
di

A
ph

id
co

n
X

X
:X

O
Fb

?
Y

Y
Y

Y
Y

Y
—

—
—

—
D

el
m

ot
te

et
al

.
(2

00
1)

Biological Reviews (2014) 000–000 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



On the fate of sexual traits under asexuality 5

T
ab

le
1.

C
on

tin
ue

d

Sp
ec

ie
s

in
fo

rm
at

io
n

Su
m

m
ar

y
M

al
e

tr
ai

ts
Fe

m
al

e
tr

ai
ts

Taxonomic
groupsand
species
names

Common
name

Parthenogenesis

Sex
determinationin
sexualsister
groups

Male

Female

Male
produc-
tion

‘Normal’
morphology

Courting
behaviour/
attractive-
nessto
females

Mating
behaviour

Sperm
transfer/
sper-
matophore
production

Functional
sperm

Normal
spermath-
eca;seminal
receptacles

Mate
attraction;
responseto
attraction;
courtship

Normal
copulation
behaviour;
sperm/
spermatophore
uptake

Egg
fertilization

R
ef

er
en

ce
s

H
ym

en
op

te
ra

N
om

ad
a

ja
po

ni
ca

B
ee

ob
l

H
ap

lo
di

pl
oi

d
?

D
?

—
—

—
—

—
—

N
c

—
—

—
M

ae
ta

et
al

.
(1

98
7)

C
er

ap
ac

hy
s

bi
ro

i
A

nt
ob

l
H

ap
lo

di
pl

oi
d

?
D

N
?

—
—

—
—

—
N

—
—

—
T

su
ji

&
Y

am
au

ch
i(

19
95

)a
nd

R
av

ar
y

&
Ja

is
so

n
(2

00
4)

M
on

om
or

iu
m

tr
iv

ia
le

A
nt

ob
l

H
ap

lo
di

pl
oi

d
?

F?
N

?
—

—
—

—
—

Y
—

—
—

G
ot

oh
et

al
.
(2

01
2)

M
yc

oc
ep

ur
us

sm
it
hi

i
A

nt
A

H
ap

lo
di

pl
oi

d
?

D
N

?
—

—
—

—
—

N
—

—
—

H
im

le
r

et
al

.
(2

00
9)

an
d

R
ab

el
in

g
et

al
.
(2

01
1)

P
ri

st
om

yr
m

ex
pu

nc
ta

tu
s

(p
un

ge
ns

)
A

nt
ob

l
H

ap
lo

di
pl

oi
d

F
F?

Y
Y

—
—

—
Y

k
Y

—
—

—
It

ow
et

al
.
(1

98
4)

an
d

G
ot

oh
et

al
.

(2
01

2)
P

yr
am

ic
a

m
em

br
an

if
er

a
A

nt
ob

l
H

ap
lo

di
pl

oi
d

?
F?

N
?

—
—

—
—

—
Y

—
—

—
It

o
et

al
.
(2

01
0)

an
d

G
ot

oh
et

al
.

(2
01

2)
D

ip
lo

le
pi

s
ro

sa
e

G
al

lw
as

p
ob

l
H

ap
lo

di
pl

oi
d

F
D

Y
Y

Y
—

—
—

—
—

—
N

St
ill

e
&

D
av

ri
ng

(1
98

0)
A

ph
yt

is
di

as
pi

di
s

Pa
ra

si
to

id
w

as
p

A
f

H
ap

lo
di

pl
oi

d
F

D
Y

f
Y

—
Y

Y
Y

k
Y

Y
l

Y
N

Z
ch

or
i-F

ei
n

et
al

.
(1

99
5)

A
ph

yt
is

li
ng

na
ne

ns
is

Pa
ra

si
to

id
w

as
p

A
f

H
ap

lo
di

pl
oi

d
F

D
Y

f
Y

Y
Y

Y
Y

k
Y

Y
l

Y
N

A
rg

ov
et

al
.
(1

99
5)

an
d

Z
ch

or
i-F

ei
n

et
al

.
(1

99
5)

A
ph

yt
is

m
yt

il
as

pi
di

s
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F
D

Y
f

Y
—

Y
Y

Y
—

—
—

N
R

os
sle

r
&

D
eb

ac
h

(1
97

3)
A

ph
yt

is
ya

no
ne

ns
is

Pa
ra

si
to

id
w

as
p

ob
lf

H
ap

lo
di

pl
oi

d
F?

?
Y

f
Y

—
—

—
—

—
—

—
—

Z
ch

or
i-F

ei
n

et
al

.
(1

99
5,

19
98

)a
nd

B
ur

ge
r

(2
00

9)
E

nc
ar

si
a

fo
rm

os
a

Pa
ra

si
to

id
w

as
p

ob
lf

H
ap

lo
di

pl
oi

d
D

D
Y

f
Y

Y
N

c
N

Y
k

Y
m

Y
?

N
?

N
Z

ch
or

i-F
ei

n
et

al
.
(1

99
2)

,K
aj

ita
(1

99
3)

,a
nd

H
un

te
r

(1
99

9)
E

nc
ar

si
a

hi
sp

id
a

Pa
ra

si
to

id
w

as
p

ob
lf

H
ap

lo
di

pl
oi

d
F?

?
Y

f
Y

—
—

—
—

—
—

—
—

H
un

te
r

(1
99

9)
an

d
G

io
rg

in
ie

t
al

.
(2

00
9)

E
nc

ar
si

a
m

er
it
or

ia
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F
F?

Y
f

Y
Y

Y
Y

Y
k

Y
—

—
—

G
io

rg
in

i(
20

01
)

E
nc

ar
si

a
pe

rn
ic

io
si

Pa
ra

si
to

id
w

as
p

A
H

ap
lo

di
pl

oi
d

F?
D

Y
Y

—
—

—
—

—
—

N
N

St
ou

th
am

er
&

L
uc

k
(1

99
1)

E
nc

ar
si

a
pr

ot
ra

ns
ve

na
Pa

ra
si

to
id

w
as

p
ob

lf
H

ap
lo

di
pl

oi
d

D
D

Y
f

N
N

N
N

—
N

N
—

—
G

io
rg

in
i(

20
01

)
E

re
tm

oc
er

us
m

un
du

s
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F
D

Y
f

—
—

Y
Y

Y
k

Y
Y

?
N

N
D

e
B

ar
ro

&
H

ar
t(

20
01

)
A

so
ba

ra
ja

po
ni

ca
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F
D

Y
f

Y
N

e
Y

Y
Y

g
—

N
N

N
K

re
m

er
et

al
.
(2

00
9)

an
d

R
eu

m
er

(2
01

2)
L

ys
ip

hl
eb

us
fa

ba
ru

m
Pa

ra
si

to
id

w
as

p
co

n
H

ap
lo

di
pl

oi
d

Fb
?

Y
Y

Y
Y

Y
Y

—
—

—
—

B
el

sh
aw

et
al

.
(1

99
9)

,S
an

dr
oc

k
et

al
.
(2

01
1)

,a
nd

Sa
nd

ro
ck

&
V

or
bu

rg
er

(2
01

1)
A

po
an

ag
yr

us
di

ve
rs

ic
or

ni
s

Pa
ra

si
to

id
w

as
p

A
f

H
ap

lo
di

pl
oi

d
F

D
Y

f
Y

Y
Y

Y
Y

g
N

—
N

N
Pi

jls
et

al
.
(1

99
6)

D
ia

ph
or

en
cy

rt
us

al
ig

ar
he

ns
is

Pa
ra

si
to

id
w

as
p

ob
lf

H
ap

lo
di

pl
oi

d
F

F
Y

f
Y

Y
Y

—
—

—
Y

Y
—

M
ey

er
&

H
oy

(2
00

7)
G

ro
no

to
m

a
m

ic
ro

m
or

ph
a

Pa
ra

si
to

id
w

as
p

ob
l

H
ap

lo
di

pl
oi

d
F

D
Y

Y
Y

Y
—

Y
k

—
Y

Y
N

A
ra

ka
ki

et
al

.
(2

00
1)

G
al

eo
ps

om
yi

a
fa

us
ta

Pa
ra

si
to

id
w

as
p

ob
lf

H
ap

lo
di

pl
oi

d
F

D
Y

f
Y

Y
Y

Y
Y

k
Y

Y
?

N
N

A
rg

ov
et

al
.
(2

00
0)

N
eo

ch
ry

so
ch

ar
is

fo
rm

os
a

Pa
ra

si
to

id
w

as
p

A
f

H
ap

lo
di

pl
oi

d
D

D
Y

f
Y

N
—

—
N

—
N

—
N

A
da

ch
i-H

ag
im

or
ie

t
al

.
(2

01
1)

P
ni

ga
li
o

so
em

iu
s

Pa
ra

si
to

id
w

as
p

A
f

H
ap

lo
di

pl
oi

d
F?

?
Y

f
Y

—
—

—
—

—
—

—
—

G
io

rg
in

ie
t
al

.
(2

01
0)

L
ep

to
pi

li
na

cl
av

ip
es

Pa
ra

si
to

id
w

as
p

A
f

H
ap

lo
di

pl
oi

d
F

D
Y

f
Y

Y
Y

Y
Y

g
N

Y
N

c
N

j
Pa

nn
eb

ak
ke

r
et

al
.
(2

00
5)

an
d

K
ra

ai
je

ve
ld

et
al

.
(2

00
9)

T
et

ra
st

ic
hu

s
co

er
ul

eu
s

Pa
ra

si
to

id
w

as
p

A
f

H
ap

lo
di

pl
oi

d
F?

D
Y

f
Y

—
—

—
—

N
N

c
N

N
j

R
eu

m
er

(2
01

2)
V

en
tu

ri
a

ca
ne

sc
en

s
Pa

ra
si

to
id

w
as

p
co

n?
H

ap
lo

di
pl

oi
d

F
D

Y
Y

Y
Y

Y
Y

Y
Y

Y
N

j
Sc

hn
ei

de
r

et
al

.
(2

00
3)

M
us

ci
di

fu
ra

x
un

ir
ap

to
r

Pa
ra

si
to

id
w

as
p

ob
lf

H
ap

lo
di

pl
oi

d
D

D
Y

f
Y

Y
Y

N
N

N
N

c
N

N
G

ot
tli

eb
&

Z
ch

or
i-F

ei
n

(2
00

1)
T

el
en

om
us

na
w

ai
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F
D

Y
f

Y
Y

Y
l

Y
l

Y
Y

l
—

Y
N

A
ra

ka
ki

et
al

.
(2

00
0)

an
d

Je
on

g
&

St
ou

th
am

er
(2

00
5)

T
ri

ch
og

ra
m

m
a

br
ev

ic
ap

il
lu

m
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F
F

Y
f

Y
Y

l
Y

l
Y

l
Y

Y
l

Y
l

Y
l

Y
St

ou
th

am
er

&
W

er
re

n
(1

99
3)

T
ri

ch
og

ra
m

m
a

ch
il
on

is
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F
F

Y
f

Y
Y

l
Y

l
Y

l
Y

Y
l

—
Y

l
Y

St
ou

th
am

er
et

al
.
(1

99
0a

,b
)

Biological Reviews (2014) 000–000 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



6 Casper J. van der Kooi and Tanja Schwander
T

ab
le

1.
C

on
tin

ue
d

Sp
ec

ie
s

in
fo

rm
at

io
n

Su
m

m
ar

y
M

al
e

tr
ai

ts
Fe

m
al

e
tr

ai
ts

Taxonomic
groupsand
species
names

Common
name

Parthenogenesis

Sex
determinationin
sexualsister
groups

Male

Female

Male
produc-
tion
‘Normal’
morphology

Courting
behaviour/
attractive-
nessto
females
Mating
behaviour
Sperm
transfer/
sper-
matophore
production

Functional
sperm

Normal
spermath-
eca;seminal
receptacles

Mate
attraction;
responseto
attraction;
courtship

Normal
copulation
behaviour;
sperm/
spermatophore
uptake

Egg
fertilization

R
ef

er
en

ce
s

T
ri

ch
og

ra
m

m
a

co
rd

ub
en

si
s

Pa
ra

si
to

id
w

as
p

ob
lf

H
ap

lo
di

pl
oi

d
F

F
Y

f
Y

Y
l

Y
l

Y
l

Y
Y

l
N

c
Y

l
Y

Si
lv

a
&

St
ou

th
am

er
(1

99
7)

T
ri

ch
og

ra
m

m
a

de
io

n
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F
F

Y
f

Y
Y

l
Y

l
Y

l
Y

Y
l

Y
l

Y
l

Y
St

ou
th

am
er

et
al

.
(1

99
0b

),
St

ou
th

am
er

&
L

uc
k

(1
99

3)
,

an
d

St
ou

th
am

er
&

K
az

m
er

(1
99

4)
T

ri
ch

og
ra

m
m

a
em

br
yo

ph
ag

um
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F?
?

Y
f

Y
—

—
—

—
—

—
—

—
Pi

nt
o

&
St

ou
th

am
er

(1
99

4)
T

ri
ch

og
ra

m
m

a
ka

yk
ai

Pa
ra

si
to

id
w

as
p

A
f

H
ap

lo
di

pl
oi

d
F

F
Y

f
Y

Y
l

Y
l

—
Y

—
—

Y
l

Y
St

ou
th

am
er

&
K

az
m

er
(1

99
4)

an
d

H
oh

m
an

n
et

al
.
(2

00
1)

T
ri

ch
og

ra
m

m
a

nr
de

io
n

Pa
ra

si
to

id
w

as
p

A
f

H
ap

lo
di

pl
oi

d
F

F
Y

f
Y

—
—

—
—

—
—

Y
l

Y
St

ou
th

am
er

&
K

az
m

er
(1

99
4)

T
ri

ch
og

ra
m

m
a

ol
ae

Pa
ra

si
to

id
w

as
p

ob
lf

H
ap

lo
di

pl
oi

d
F

F
Y

f
Y

Y
l

Y
l

Y
l

Y
Y

l
Y

l
Y

l
Y

St
ou

th
am

er
et

al
.
(1

99
0b

)a
nd

G
re

ni
er

et
al

.
(2

00
2)

T
ri

ch
og

ra
m

m
a

pl
at

ne
ri

Pa
ra

si
to

id
w

as
p

A
f

H
ap

lo
di

pl
oi

d
F

F
Y

f
Y

Y
l

Y
l

Y
l

Y
Y

l
Y

l
Y

l
Y

St
ou

th
am

er
et

al
.
(1

99
0a

,b
)

T
ri

ch
og

ra
m

m
a

pr
et

os
iu

m
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F
F

Y
f

Y
Y

l
Y

l
—

Y
—

—
Y

l
Y

St
ou

th
am

er
et

al
.
(1

99
0b

),
St

ou
th

am
er

&
L

uc
k

(1
99

3)
,

an
d

St
ou

th
am

er
&

K
az

m
er

(1
99

4)
T

ri
ch

og
ra

m
m

a
rh

en
an

a
Pa

ra
si

to
id

w
as

p
A

f
H

ap
lo

di
pl

oi
d

F
F

Y
f

Y
Y

l
Y

l
Y

l
Y

Y
l

Y
l

Y
l

Y
St

ou
th

am
er

&
W

er
re

n
(1

99
3)

L
ep

id
op

te
ra

D
ah

li
ca

(S
ol

en
ob

ia
)t

ri
qu

et
re

ll
a

(2
n

st
ra

in
)

B
ag

w
or

m
m

ot
h

A
Z

O
:Z

Z
;Z

W
:Z

Z
F

V
A

R
Y

Y
—

Y
Y

Y
Y

V
A

R
Y

V
A

R
Se

ile
r

(1
96

0,
19

63
)

D
ah

li
ca

(S
ol

en
ob

ia
)

tr
iq

ue
tr

el
la

(4
n

st
ra

in
)

B
ag

w
or

m
m

ot
h

ob
l

Z
O

:Z
Z

;Z
W

:Z
Z

?
D

N
—

—
—

—
—

Y
N

c
Y

N
j

Se
ile

r
(1

96
0,

19
63

)
D

ah
li
ca

(S
ol

en
ob

ia
)l

ic
he

ne
ll
a

B
ag

w
or

m
m

ot
h

ob
l

Z
W

:Z
Z

?
D

N
—

—
—

—
—

—
—

Y
N

Se
ile

r
&

Pu
ch

ta
(1

95
6)

L
uf

fia
fe

rc
ha

ul
te

ll
a

B
ag

w
or

m
m

ot
h

ob
l

Z
O

:Z
Z

?
D

N
?

—
—

—
—

—
Y

Y
Y

N
i ,

j
N

ar
be

l-H
of

st
et

te
r

(1
96

2,

19
66

)
O

rt
h

op
te

ra
P

oe
ci

li
m

on
in

te
rm

ed
iu

s
B

us
hc

ri
ck

et
ob

l
X

X
:X

O
?

D
N

?
—

—
—

—
—

Y
m

N
Y

N
?

L
eh

m
an

n
et

al
.
(2

00
7,

20
11

)
S
ag

a
pe

do
(4

n)
B

us
hc

ri
ck

et
ob

l
X

X
:X

O
F?

D
Y

Y
—

—
—

—
Y

m
—

Y
N

j
L

em
on

ni
er

-D
ar

ce
m

on
t&

D
ar

ce
m

on
t(

20
07

,2
00

8)
an

d
B

au
r

(2
01

0)
P

h
as

m
id

a
B

ac
il
lu

s
at

ti
cu

s
St

ic
k

in
se

ct
ob

l
X

X
:X

O
F

F
Y

Y
—

—
—

—
—

—
—

Y
Sc

al
i(

20
09

,2
01

3)
B

ac
il
lu

s
ro

ss
iu

s
St

ic
k

in
se

ct
A

X
X

:X
O

F
F

Y
Y

—
—

—
Y

—
—

Y
Y

Sc
al

i(
19

68
,2

00
9)

C
ar

au
si

us
m

or
os

us
St

ic
k

in
se

ct
ob

l
X

X
:X

O
D

D
Y

Y
—

Y
—

N
—

—
Y

N
Pi

jn
ac

ke
r

(1
96

4)
T

im
em

a
do

ug
la

si
St

ic
k

in
se

ct
ob

l
X

X
:X

O
F

D
Y

Y
Y

Y
Y

Y
g

N
c

N
c

Y
N

Sc
hw

an
de

r
et

al
.
(2

01
3)

T
im

em
a

ge
ne

vi
ev

ae
St

ic
k

in
se

ct
ob

l
X

X
:X

O
F

D
Y

Y
Y

Y
Y

Y
g

N
c

N
c

Y
N

Sc
hw

an
de

r
et

al
.
(2

01
3)

T
im

em
a

m
on

ik
en

si
s

St
ic

k
in

se
ct

ob
l

X
X

:X
O

F
D

Y
Y

Y
Y

Y
Y

g
N

c
N

c
Y

N
Sc

hw
an

de
r

et
al

.
(2

01
3)

T
im

em
a

sh
ep

ar
di

St
ic

k
in

se
ct

ob
l

X
X

:X
O

F
D

Y
Y

Y
Y

Y
Y

g
N

c
Y

Y
N

Sc
hw

an
de

r
et

al
.
(2

01
3)

T
im

em
a

ta
ho

e
St

ic
k

in
se

ct
ob

l
X

X
:X

O
?

D
N

?
—

—
—

—
—

N
c

N
c

Y
N

Sc
hw

an
de

r
et

al
.
(2

01
3)

P
so

co
p

te
ra

C
ae

ci
li
us

au
ra

nt
ia

cu
s

Ps
oc

id
A

X
X

:X
O

?
D

N
?

—
—

—
—

—
—

N
—

—
M

oc
kf

or
d

(1
97

1)
B

er
tk

au
ia

lu
ci

fu
ga

Ps
oc

id
ob

l
X

X
:X

O
F

D
Y

Y
Y

Y
—

—
—

N
c

N
—

M
oc

kf
or

d
(1

97
1)

L
ip

os
ce

li
s

bo
st

ry
ch

op
hi

la
Ps

oc
id

ob
l

X
X

:X
O

?
F?

?
Y

Y
—

—
—

—
—

—
—

—
M

oc
kf

or
d

&
K

ru
sh

el
ny

ck
y

(2
00

8)
an

d
W

an
g

et
al

.
(2

00
8)

P
er

ip
so

cu
s

qu
ad

ri
fa

sc
ia

tu
s

Ps
oc

id
A

X
X

:X
O

?
D

N
?

—
—

—
—

—
—

N
—

—
M

oc
kf

or
d

(1
97

1)
P

so
cu

s
bi

pu
nc

ta
tu

s
Ps

oc
id

A
X

X
:X

O
?

D
N

?
—

—
—

—
—

—
N

N
—

M
oc

kf
or

d
(1

97
1)

T
h

ys
an

op
te

ra
F

ra
nk

li
no

th
ri

ps
ve

sp
if
or

m
is

T
hr

ip
s

ob
lf

H
ap

lo
di

pl
oi

d
F

D
Y

f
Y

—
Y

Y
Y

k
Y

—
Y

N
A

ra
ka

ki
et

al
.
(2

00
1)

A
na

ph
ot

hr
ip

s
ob

sc
ur

us
T

hr
ip

s
ob

l
H

ap
lo

di
pl

oi
d

F?
?

Y
Y

—
—

—
—

—
—

—
—

M
ir

ab
-B

al
ou

&
C

he
n

(2
01

0)

Biological Reviews (2014) 000–000 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



On the fate of sexual traits under asexuality 7

T
ab

le
1.

C
on

tin
ue

d

Sp
ec

ie
s

in
fo

rm
at

io
n

Su
m

m
ar

y
M

al
e

tr
ai

ts
Fe

m
al

e
tr

ai
ts

Taxonomic
groupsand
species
names

Common
name

Parthenogenesis

Sex
determinationin
sexualsister
groups

Male

Female

Male
produc-
tion

‘Normal’
morphology

Courting
behaviour/
attractive-
nessto
females

Mating
behaviour

Sperm
transfer/
sper-
matophore
production

Functional
sperm

Normal
spermath-
eca;seminal
receptacles

Mate
attraction;
responseto
attraction;
courtship

Normal
copulation
behaviour;
sperm/
spermatophore
uptake

Egg
fertilization

R
ef

er
en

ce
s

H
el

io
th

ri
ps

ha
em

or
rh

oi
da

li
s

T
hr

ip
s

ob
l

H
ap

lo
di

pl
oi

d
F?

D
Y

Y
—

—
—

—
N

—
N

—
M

ou
nd

(1
97

6)
an

d
D

el
B

en
e

et
al

.
(1

99
8)

H
er

ci
no

th
ri

ps
fe

m
or

al
is

T
hr

ip
s

ob
lf

H
ap

lo
di

pl
oi

d
F

D
Y

f
Y

—
Y

Y
Y

k
N

c
—

Y
N

M
or

itz
(1

98
9)

an
d

K
um

m
&

M
or

itz
(2

00
8)

P
ar

th
en

ot
hr

ip
s

dr
ac

ae
na

e
T

hr
ip

s
ob

l
H

ap
lo

di
pl

oi
d

F
D

Y
Y

—
—

—
Y

k
N

c
—

N
—

L
ew

is
(1

97
3)

an
d

K
um

m
(2

00
2)

T
hr

ip
s

ni
gr

op
il
os

us
T

hr
ip

s
A

H
ap

lo
di

pl
oi

d
?

D
—

—
—

—
—

—
—

N
c

N
—

N
ak

ao
&

Y
ab

u
(1

99
8)

M
O

L
L

U
S

C
A

G
as

tr
op

od
a

P
ot

am
op

yr
gu

s
an

ti
po

da
ru

m
(je

nk
in

si
)(

3n
)

Sn
ai

l
A

U
nk

no
w

na
F

D
Y

Y
—

—
—

Y
k

N
c

Y
Y

—
Pa

til
(1

95
8)

ci
te

d
in

B
el

l
(1

98
2)

,N
ei

m
an

&
L

iv
el

y
(2

00
5)

,N
el

so
n

&
N

ei
m

an
(2

01
1)

,a
nd

N
ei

m
an

et
al

.
(2

01
2)

M
el

an
oi

de
s

tu
be

rc
ul

at
a

(5
-6

n)
Sn

ai
l

A
U

nk
no

w
n

D
?

Y
Y

—
—

—
N

—
—

—
—

Ja
co

b
(1

95
4,

19
57

)
M

el
an

oi
de

s
li
ne

at
us

(4
n)

Sn
ai

l
A

U
nk

no
w

n
D

?
Y

Y
—

—
—

N
—

—
—

—
Ja

co
b

(1
95

4,
19

57
)

Pa
rt

he
no

ge
ne

si
s:

A
,a

se
xu

al
lin

ea
ge

s
in

sp
ec

ie
s

w
ith

bo
th

as
ex

ua
la

nd
se

xu
al

st
ra

in
s;

ob
l:

ob
lig

at
el

y
as

ex
ua

ls
pe

ci
es

;c
on

:c
on

ta
gi

ou
s

pa
rt

he
no

ge
ne

si
s

(fu
nc

tio
na

lm
al

es
ar

e
ex

pe
ct

ed
gi

ve
n

th
ei

r
re

pr
od

uc
tiv

e
su

cc
es

s
in

m
at

in
gs

w
ith

se
xu

al
fe

m
al

es
).

L
in

ea
ge

sa
re

di
pl

oi
d

un
le

ss
ot

he
rw

is
e

sp
ec

ifi
ed

(2
n:

di
pl

oi
d,

3n
:t

ri
pl

oi
d,

4n
:t

et
ra

pl
oi

d)
;s

pe
ci

es
an

d
ge

ne
ra

na
m

es
in

pa
re

nt
he

se
si

nd
ic

at
e

sy
no

ny
m

s.
T

he
co

m
bi

ne
d

ev
id

en
ce

fo
r

di
ffe

re
nt

m
al

e
an

d
fe

m
al

e
tr

ai
ts

is
su

m
m

ar
iz

ed
as

:
D

(d
ec

ay
ed

)o
r

F
(fu

nc
tio

na
l).

Y
(y

es
):

tr
ai

ti
s

fu
lly

ex
pr

es
se

d
an

d
fu

nc
tio

na
l;

N
(n

o)
:f

un
ct

io
na

lit
y

re
du

ce
d

or
la

ck
in

g;
—

:n
o

in
fo

rm
at

io
n

av
ai

la
bl

e
fo

r
th

e
tr

ai
t;

0:
tr

ai
td

oe
s

no
te

xi
st

fo
r

th
is

sp
ec

ie
s;

?:
in

fe
re

nc
e

un
ce

rt
ai

n;
V

A
R

(v
ar

ia
bl

e)
:

fu
nc

tio
na

li
n

so
m

e,
no

n-
fu

nc
tio

na
li

n
ot

he
r

st
ra

in
s;

se
e

fo
ot

no
te

s
an

d
te

xt
fo

r
de

ta
ils

.
a D

ip
lo

-d
ip

lo
id

se
x

de
te

rm
in

at
io

n
bu

tn
o

kn
ow

n
se

x
ch

ro
m

os
om

es
.

b
M

al
es

m
os

tl
ik

el
y

do
no

tp
ro

du
ce

sp
er

m
at

al
l.

c T
ra

its
ar

e
st

ill
pr

es
en

tb
ut

re
du

ce
d

or
al

te
re

d;
fo

re
xa

m
pl

e
as

ex
ua

lly
pr

od
uc

ed
m

al
es

ar
e

le
ss

at
tr

ac
tiv

e
th

an
se

xu
al

m
al

es
,o

rc
ou

rt
in

g
is

ra
re

ro
rr

ed
uc

ed
in

co
m

pa
ri

so
n

to
se

xu
al

m
al

es
;s

pe
rm

-s
to

ra
ge

or
ga

ns
ar

e
pr

es
en

tb
ut

sm
al

le
r/

al
te

re
d

sh
ap

e
re

la
tiv

e
to

se
xu

al
st

ra
in

s.
d

So
m

e
‘m

al
es

’h
av

e
in

te
rs

ex
ua

lc
ha

ra
ct

er
is

tic
s.

e N
o

co
ur

tin
g

or
m

at
in

g
be

ha
vi

ou
r

in
th

es
e

sp
ec

ie
s;

sp
er

m
at

op
ho

re
s

ar
e

de
po

si
te

d
an

d
le

ft
un

at
te

nd
ed

by
m

al
es

an
d

pi
ck

ed
up

(o
r

no
t)

by
fe

m
al

es
.

f P
ar

th
en

og
en

es
is

is
en

do
sy

m
bi

on
ti

nd
uc

ed
;p

ro
du

ct
io

n
of

m
al

es
af

te
r

an
tib

io
tic

or
he

at
tr

ea
tm

en
t,

us
ua

lly
al

so
at

a
lo

w
ra

te
in

na
tu

ra
l/

un
tr

ea
te

d
po

pu
la

tio
ns

.
g S

pe
rm

fr
om

as
ex

ua
lly

pr
od

uc
ed

m
al

es
is

fu
nc

tio
na

li
n

cr
os

se
s

w
ith

se
xu

al
fe

m
al

es
,b

ut
fe

rt
ili

za
tio

n
ef

fic
ie

nc
y

is
re

du
ce

d
in

co
m

pa
ri

so
n

to
se

xu
al

m
al

es
-

no
tic

e
th

at
in

th
es

e
ca

se
s

it
is

no
t

po
ss

ib
le

to
di

se
nt

an
gl

e
th

e
ef

fe
ct

of
as

ex
ua

lit
y

fr
om

an
ef

fe
ct

of
in

co
m

pa
tib

ili
ty

be
tw

ee
n

di
ve

rg
ed

po
pu

la
tio

ns
an

d
sp

ec
ie

s/
cr

yp
tic

fe
m

al
e

ch
oi

ce
.

h
R

ep
or

te
d

m
al

es
ar

e
pr

ob
ab

ly
fr

om
se

xu
al

st
ra

in
s.

i F
er

til
iz

ed
eg

gs
:l

ow
vi

ab
ili

ty
an

d
in

te
rs

ex
de

ve
lo

pm
en

t.
j V

er
y

lo
w

ra
te

of
fe

rt
ili

za
tio

n
(so

m
et

im
es

on
ly

pa
te

rn
al

ge
ne

le
ak

ag
e)

.
k S

pe
rm

m
ot

ile
an

d
ap

pe
ar

ed
fu

nc
tio

na
li

n
as

sa
ys

,b
ut

fu
nc

tio
na

lit
y

w
as

no
tc

on
fir

m
ed

vi
a

cr
os

se
s

w
ith

se
xu

al
fe

m
al

es
.

l F
un

ct
io

na
lit

y
of

th
e

tr
ai

ti
s

no
td

ir
ec

tly
do

cu
m

en
te

d
in

st
ud

ie
s

bu
ti

nf
er

re
d,

gi
ve

n
th

e
su

cc
es

sf
ul

fe
rt

ili
za

tio
n

of
se

xu
al

fe
m

al
es

/r
ev

er
si

bi
lit

y
of

as
ex

ua
lit

y.
m

T
ra

it
st

at
e

un
ce

rt
ai

n
be

ca
us

e
no

co
m

pa
ri

so
n

w
ith

se
xu

al
re

la
tiv

es
av

ai
la

bl
e.

Biological Reviews (2014) 000–000 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



8 Casper J. van der Kooi and Tanja Schwander

endosymbionts also lay haploid eggs, but these eggs become
diploid via gamete duplication and develop into females
(Stouthamer & Kazmer, 1994). If such infected asexual
females are cured from their endosymbionts (for example via
antibiotic treatment) they produce sons instead of daughters,
given that their haploid eggs remain haploid and develop
into males. For these species it is thus possible to obtain
large numbers of males from all-female asexual lineages (e.g.
Stouthamer et al., 1990a; Pannebakker et al., 2005; Kremer
et al., 2009).

V. FATE OF MALE-SPECIFIC TRAITS IN
ASEXUAL LINEAGES

For asexual lineages that do not produce any males (and for
which male production cannot be induced by antibiotic
treatment), it is impossible to distinguish whether male
phenotypes are simply not expressed, or whether the
pathways underlying male development have decayed. In
other words, the functionality of male sexual traits can only
be investigated in the subset of lineages that maintain the
developmental pathways leading to the differentiation of
males.

Among the 93 asexual lineages for which any information
on sexual traits (male or female expressed) is available, at
least 74 are able to produce males even though they are most
likely obligately asexual (Table 1). Males in a minority of
these lineages (3 out of the 74) regularly mate with females
of related sexual lines and thereby generate new asexual
lineages (‘contagious parthenogenesis’; Delmotte et al., 2001;
Paland, Colbourne & Lynch, 2005; Sandrock, Schirrmeister
& Vorburger, 2011). In these cases, the maintenance of
male functionality is expected, given the mating success of
asexually produced males. For the remaining 71 lineages, the
absence of mating opportunities for asexually produced males
should result in relaxed selection on male traits, which may
then decay as a consequence of drift. In these lineages, males
are considered to be developmental accidents, whereby their
production occurs too rarely to be associated with measurable
costs, at least in species with high reproductive output
(Neiman et al., 2012). Given that trait decay as a consequence
of drift is expected to proceed slowly, relatively little decay
would be expected for male-specific traits in asexuals overall,
and more extensive decay in old as compared to young
asexual lineages. Consistent with these predictions, studies
report little or no evidence for morphological decay of males
in the lineages known to produce accidental males, with
functional decay of males in only 13 lineages (Table 1).
Although the unknown age of most asexual lineages makes
it impossible to assess whether the 13 lineages with decayed
male traits are relatively old compared to the lineages with
functional males, two lines of evidence are suggestive that
this may be the case. First, two of the species with reported
decay of male traits are oribatid mites, a group hypothesized
to have been asexual for 100 million years (Maraun et al.,
2003; Domes et al., 2007; Heethoff et al., 2007). Second, for

11 of the 13 lineages with decayed male traits, there is also
information available on the functionality of female sexual
traits, which are strongly reduced in nine cases. Additional
information for more lineages on the time passed since the
inception of asexuality would provide insights into the time
frame required for the neutral decay of male traits.

The male traits to decay first under asexuality appear to
be largely linked to fertility and sperm production. Courtship
behaviours and morphological traits generally remain fully
functional and equivalent to behaviours and trait values in
related sexual males. Thus, in 11 of the 13 species with
evidence for decay of male traits, males produce immotile
sperm or have otherwise dysfunctional spermatogenesis
(Table 1). Similarly, in at least eight asexual lineages where
asexually produced males appear fully functional, these males
are characterized by lower fertilization efficiency of eggs from
sexual females when compared to sexual males. Although this
may also stem from sexual–asexual hybrid incompatibilities
or cryptic female choice (see Schwander et al., 2013), this
pattern is consistent with traits linked to spermatogenesis
being the first to decay.

A rapid decay of sperm functionality relative to other
male traits may stem from two non-exclusive processes.
First, the genetic architecture underlying sperm functionality
traits may be such that there are many possible targets
for loss of function mutations. Indeed as noted 40 years
ago, mutations causing male sterility in Drosophila melanogaster

appear to be 10–15% more frequent than mutations causing
lethality (Lindsley & Lifschytz, 1972). Second, gene networks
underlying spermatogenesis may involve more male-specific
elements without pleiotropic effects in females than male
morphological and behavioural traits. Genes expressed in
testis of Drosophila melanogaster and Anopheles gambiae males are
among the most highly tissue specific (Chintapalli, Wang &
Dow, 2007; Baker et al., 2011) suggesting that their alteration
may indeed be devoid of consequences in females.

The mechanisms underlying accidental male production
by asexual females depend on the sex-determination system
present in the sexual ancestors. In the species where
parthenogenesis is induced by endosymbiotic bacteria, male
development has been hypothesized to occur in individuals
with low bacterial titres, or in lineages where the efficiency of
host reproductive manipulation by the bacteria is lower than
100% (e.g. Huigens & Stouthamer, 2003; Koivisto & Braig,
2003; Reumer, van Alphen & Kraaijeveld, 2012; notice
that eggs unaffected by bacterial manipulation will develop
into males given the haplodiploid sex-determination system
in these species). In asexuals deriving from species with
XX:XO sex determination (females have two, males only
one X chromosome), males can develop as a consequence of
accidental sex chromosome losses via non-disjunction (Scali,
1968, 2013; Baur, 2010). Such sex chromosome losses are less
likely to generate functional males in species with XX:XY
sex determination (and functional genes on the Y), and
indeed there are no known instances of male production by
asexual lineages deriving from sexual ancestors characterized
by this sex-determination system (though XY chromosomal
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sex determination, with the gene content on the Y unknown,
remains possible in several cases where the sex-determination
system in sexual sister groups is uncertain; Table 1).

There are only a few documented cases of accidental
male production by asexual females in taxa with female
heterogamety (females are ZW or ZO, males ZZ; Table 1).
In many of these species, especially in different asexual
bagworm moths, reproduction occurs via a meiotic type of
parthenogenesis, where two of the four meiotic products
fuse to re-establish the maternal ploidy levels (reviewed in
Suomalainen, Saura & Lokki, 1987). This fusion does not
occur at random but is always between the two central nuclei,
which results in offspring having the same chromosome
complement as their mother (Suomalainen et al., 1987). Thus,
this mechanism also maintains the ZW (or ZO) chromosomal
constitution, leading to the production of daughters. It seems
plausible that errors during meiosis could rarely lead to
the fusion of two different nuclei, which would generate ZZ
individuals that would develop into males (Suomalainen et al.,
1987). However, the karyotype of accidental males in these
species has not been investigated thus far, such that male
development may also stem from other processes.

Given the mechanisms underlying accidental male
production in species with XX:XO sex determination, the
maintenance of male functionality in many asexual lineages
is somewhat paradoxical. In asexual females, all loci occur
exclusively in a diploid (or polyploid) state such that recessive
deleterious alleles are constantly masked and could therefore
accumulate. In asexually produced males however, recessive
alleles present on the X chromosome would be expressed
in diploid asexuals, given the hemizygous state of this
chromosome in males – assuming that there was enough
time for the build-up of a recessive load. It remains possible
that the few documented male individuals represent the tip of
an iceberg of XO eggs, most of which would die in the course
of their development due to recessive deleterious mutations
on the X. However, this would require chromosomal non-
disjunctions to be quite frequent, entailing significant fertility
costs for females. Interesting questions for future studies are
thus whether gene conversion or some other mechanism can
reduce the accumulation of recessive deleterious alleles in
asexuals, and if some of the dysfunctional traits in asexually
produced males stem from the expression of recessive alleles.

In comparison to species with XX:XO sex determination,
male phenotypes in haplodiploid groups with endosymbiont-
induced parthenogenesis should be less affected by the
expression of recessive alleles. This is because asexual females
are fully homozygous, given their development from haploid
eggs that undergo gamete duplication. Perhaps this is the
main reason for why particularly many such asexual species
are known to produce males and why these males typically
show a complete lack of decay (Table 1).

Overall the ubiquitous maintenance of male traits across
the majority of asexual lineages would be best explained
by neutral decay requiring millions of years to result
in significant phenotypic effects, a time frame rarely
reached by asexual lineages (Schurko, Neiman & Logsdon,

2009). In addition, male developmental and physiological
pathways may consist almost exclusively of components with
pleiotropic effects in both sexes, which would prevent these
elements from degenerating. When by some rare accident
the male developmental pathway is triggered, it would
therefore still generate functional males. Alternatively, the
development of functional males may indicate that lineages
presumed to be asexual have some low level of cryptic
sex. However, although formally demonstrating the lack of
sexual reproduction in a lineage is challenging (Schurko
et al., 2009), this explanation is difficult to reconcile with the
decay of female sexual traits reported in the vast majority of
asexual lineages, including most cases with functional males
(see Section VI).

VI. FATE OF FEMALE SEXUAL TRAITS IN
ASEXUALS

In contrast to the maintained male traits, female-linked sexual
traits show evidence for decay in the majority (82%) of asexual
lineages. Among the 73 asexual lineages for which a range of
female traits were investigated, a significant reduction of at
least one, but typically several, sexual traits was reported in 60
cases (Table 1). Such broad-scale trait decay should severely
impede reversals to classical forms of sexual reproduction.
Sexual trait decay could thus provide a positive line of
evidence (sensu Schurko et al., 2009; Birky, 2010) for obligate
asexuality in a lineage, provided that decayed traits are fixed
rather than phenotypically plastic and that the sample of
analyzed asexual females allows excluding the occurrence of
extremely rare females (i.e. those occurring at frequencies
similar to the frequency of rare males among asexual females)
with functional sexual traits.

Among the 60 lineages with female sexual trait decay, the
ability to use sperm for egg fertilization is completely lacking
or at least strongly reduced in all 38 species where this
trait was investigated. Thus, for 31 out of these 38 lineages
(Table 1), sperm was not integrated into eggs and there was no
evidence for any paternal genetic contribution to offspring. In
the seven remaining species, there is occasional fertilization of
small egg fractions, whereby in at least two cases, individuals
developing from fertilized eggs are developmentally instable
and often display intersexual traits (Table 1). This pattern
strongly suggests selective mechanisms driving the trait
shift. Egg fertilization could be very costly for asexuals,
for example if ploidy elevation reduces egg or offspring
viability, as suggested by developmental abnormalities in
the species where partial fertilization of asexual eggs occurs.
Alternatively, this trait could be linked to the origin of
asexuality per se. For example, gene flow from sexual
strains could prevent the initial establishment of a new
asexual lineage lacking strong barriers to paternal genetic
contributions (Lynch, 1984). Such a barrier is described
in the asexual bushcricket Saga pedo: eggs have a reduced
number of micropyles (pores in the ovum membrane
through which sperm enter) as compared to sexual
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relatives, limiting the chances of egg–sperm interactions
(Sänger & Helfert, 1994). Mutations allowing for asexual
embryo development may also entail correlated changes
constraining egg–sperm interactions. This could explain
why fertilization ability is only maintained in hymenopteran
species with endosymbiont-induced asexuality (Table 1),
where transitions to asexuality do not involve modifications
of egg types laid (both virgin sexual and asexual females lay
haploid eggs). In this sense, the absence of egg fertilization
in asexuals may not always indicate decay of a sexual trait.
Further research in incipient asexual lineages and their
interactions with sexual populations may provide insights
into the evolutionary process underlying the loss of egg
fertilization ability in asexuals.

Parallel losses also occur for traits involved in mate
location or copulation propensity, consistent with the idea of
selection acting to reduce such traits to diminish costs linked
to exposure to predators and diseases. The best evidence
for selection-driven decay stems from traits underlying
mate location and attraction, given that these traits have
regressed in parallel in groups using different signalling
systems (notably based on olfactory or auditory signals)
and independently of whether females are the emitting
or responding sex. For example in sexual bushcricket
species, females are the responding sex and are attracted by
males with songs (Gwynne, 2001). The asexual bushcricket
P. intermedius has completely lost phonotaxis within fewer
than 200000 years and displays a morphological reduction
of hearing-related structures (Lehmann, Strauss & Lakes-
Harlan, 2007; Lehmann et al., 2011).

Among insect species using chemical communication,
however, females are typically the signalling rather than
the responding sex and emit pheromones and other olfactory
cues to attract males (Greenfield, 2002). Here, females in
several asexual stick insect species produce either no cues
or cues that are not attractive to males (Schwander et al.,
2013). A lack of pheromones eliciting male courtship or a
lack of female sexual behaviour is also reported in species
with endosymbiont-induced parthenogenesis (e.g. Pijls, Van
Steenbergen & van Alphen, 1996; Silva & Stouthamer, 1997;
Pannebakker et al., 2005; Kremer et al., 2009). An additional
line of evidence supporting selective rather than neutral
regression of mate-attraction traits stems from asexual stick
insect lineages, where the extent of attractivity loss depends
less on the age of the asexuals than on distribution patterns;
young asexuals overlapping with their sexual counterparts
display more extreme decay than old asexuals isolated from
sexual species (Schwander et al., 2013). Although Potamopyrgus

antipodarum snails, where females appear to play a passive role
in mate finding and copulation, may represent an exception
to this pattern (Nelson & Neiman, 2011), these parallel
and rapid losses of different female traits involved in mate
attraction and mating suggest that selective mechanisms,
rather than drift, are driving trait changes.

Similar to the preserved male traits, female sexual traits
not exposed to selection also tend to be maintained, even in
species with extensive trait decay overall. For example in the

asexual bushcricket with reduced phonotaxis and hearing
organs, no decline in female mating behaviour has been
observed when asexual females are confined with males of
related sexual species (Lehmann et al., 2011). Since without
phonotaxis, asexual females are not attracted to males and
will therefore typically not encounter them under natural
conditions, copulation behaviour in asexual females is no
longer expressed and could therefore only regress via drift.

Female sperm-storage organs are also often maintained
and hence appear to be associated with little or no costs.
Only two studies report a decay of the ability to store
sperm in asexual females (Gottlieb & Zchori-Fein, 2001;
Kraaijeveld et al., 2009) whereas in most cases, spermathecae
in asexuals display only altered shapes relative to sexuals or
more variability, indicating reduced developmental stability
of the organ (Table 1). Both patterns are consistent with trait
decay as a consequence of relaxed selection, but it is difficult
to see why a somewhat altered shape would reduce possible
costs associated with spermatheca differentiation.

Fully maintained female functionality was documented
in only 13 out of the 73 asexual lineages for which
a range of female traits were investigated (18%). It is
notable that 11 of these 13 species are hymenopterans
with endosymbiont-induced parthenogenesis, 10 from the
same genus (Trichogramma) of parasitoid wasps (Table 1).
In this genus parthenogenesis is even revertible, as stable
sexual populations can be derived from asexual lines by
curing the females of their endosymbionts (Stouthamer et al.,
1990a,b). The lack of sexual trait decay in these species may
stem from infections being very recent and/or from ongoing
gene flow between sexual and asexual lines. Consistent with
these explanations, allele sharing in natural populations with
alternative reproductive modes, as well as paternal genome
leakage into asexual lineages in laboratory crosses between
asexual females and sexual males, is documented in several
Trichogramma species (Stouthamer et al., 1990a,b; Stouthamer
& Luck, 1993; Stouthamer & Kazmer, 1994). The two
remaining asexual lineages with maintained female sexual
traits are stick insects from the genus Bacillus, which may be
facultative parthenogens (Scali, 2009).

In addition to the typical female-expressed sexual traits,
there are certain taxon-specific traits that have also regressed
after transitions to asexual reproduction. However, given the
uniqueness of these traits, processes underlying their decay
cannot be inferred from comparative approaches. One such
taxon-specific trait is the use of different hosts for male and
female offspring by certain groups of parasitoid wasps (the use
of different hosts for the production of sons versus daughters
is believed to originate from sex-specific optimal resource
conditions and developmental requirements; Hunter, 1999).
Asexual species in these groups thus only lay eggs into
the female-specific host and three asexual hymenopteran
species in the Aphelinidae family have lost the behaviour of
switching hosts for male offspring (Hunter, 1999; Zchori-Fein
et al., 2001; Kenyon & Hunter, 2007). Since the behaviour
to search and find hosts for male larvae is not expressed
in asexual females, the trait would have regressed via drift,
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in contrast to the general pattern that extensive sexual trait
changes would stem from selective processes. However, the
lack of male host usage by asexual Aphelinidae females is
more likely due to changes in the hosts than in the parasitoids;
co-evolutionary dynamics of hosts avoiding detection by
parasitoids and parasitoids recognizing volatile and other
cues emitted by the hosts is expected to drive continuous
change in both hosts and parasitoids (Vinson, 1975). Thus,
asexual wasps would be able to identify ancestral male-host
cues present prior to the transition to asexuality, but not the
contemporary version of such cues.

VII. GENETIC ARCHITECTURE OF DECAYED
TRAITS

An open question remaining is the genetic architecture
underlying trait decay. Thus it is largely unknown whether
trait decay typically proceeds by the accumulation of
mutations with small phenotypic effects, or in large
increments, for example as a consequence of major effect
mutations in regulatory sequences or highly connected
elements (Jeffery, 2001, 2009; Lahti et al., 2009). Thus far,
data on sexual trait decay point to the latter. These data stem
from three studies in hymenopterans with endosymbiont-
induced asexuality. In these species, the genetic architecture
of decayed sexual traits can be investigated by introgressing
genes from asexual into sexual lines, taking advantage of sons
produced by asexual females cured of their endosymbionts
(Pannebakker et al., 2004; Jeong & Stouthamer, 2005; Russell
& Stouthamer, 2011).

The first study to investigate the genetic basis of trait
decay focused on the fertility of asexually produced males
(Pannebakker et al., 2004), whereby ‘fertility’ was assessed
from offspring sex ratios produced by sexual females (low
fertility would be indicated by male-biased sex ratios, since
successfully fertilized eggs develop into females). A single,
major effect locus affecting male fertility was identified via an
elegant mapping approach, consistent with a simple genetic
architecture underlying trait decay (Pannebakker et al., 2004).
However, hymenopteran females might adjust their offspring
sex ratios according to the quality of their mates, producing
more fertilized (female) eggs when mated with a high-quality
male (e.g. West & Sheldon, 2002). Thus, given that male
fertilization ability in this study was assessed indirectly from
offspring sex ratios in crosses with females of a sexual strain,
it is difficult to exclude that the uncovered locus is associated
with male attractiveness to females rather than with male
fertility.

The two remaining studies focused on egg fertilization
ability of females and found evidence for a single locus
underlying the loss of egg fertilization in asexuals, recessive
in one and dominant in the other study, with additional
minor-effect modifiers (Jeong & Stouthamer, 2005; Russell
& Stouthamer, 2011). Similar to the earlier study, these
patterns would also indicate a simple genetic architecture
of trait decay. However, as noted above, the lack of egg

fertilization ability in asexuals may be linked to the origin
of asexuality, rather than indicating sexual decay, such that
generalizations for the genetic architecture of decayed traits
are difficult.

The current evidence thus points to sexual trait decay
stemming from very few mutations with relatively strong
phenotypic effects. While generalizations from these studies
for trait decay may be difficult, they provide guidelines
for future studies investigating the genetic architecture
of regressed traits. Additional such studies are thus
highly warranted, especially for well-characterized traits
clearly stemming from the loss of sexual reproduction, in
hymenopterans as well as in other taxa. Given the fertility
of asexually produced males in many asexual lineages, such
approaches should be feasible even with only a handful
of males available. Insights from such studies may notably
inform on the influence of trait complexity on its rate of decay.
A complex trait consisting of many components may display
signatures of decay more rapidly than a simple trait because
more targets are available for mutations with phenotypic
effects. Alternatively, the opposite may be true if modifying
one element is enough (Jeffery, 2001). Finally, insights into
the genetic basis of trait decay may also shed light on loci
underlying trait variation among sexual species.

VIII. CONCLUSIONS

(1) Research on trait decay is important because it
provides insights into the selective pressures generating and
maintaining traits. Given the energy required to produce
and maintain most characters, useless features may often be
a disadvantage and their reduction should be favoured by
natural selection (Regal, 1977).

(2) The combined evidence from studies of sexual traits
in 93 independently derived asexual lineages suggests that
trait decay typically only occurs if driven by selective
processes. Traits expected to be under relaxed selection
and decay via neutral mutation accumulation were generally
fully functional, or displayed only minor shifts (not affecting
functionality) since the abandonment of a sexual lifecycle.

(3) The ubiquitous maintenance of male traits across the
majority of asexual species would be best explained by neutral
decay requiring millions of years to result in significant
phenotypic effects, a time frame rarely reached by asexual
lineages (Schurko et al., 2009), or by male developmental
and physiological pathways consisting almost exclusively
of components with pleiotropic effects in both sexes. The
maintenance of male developmental pathways reveals that
major developmental pathways can remain quiescent and
functional over extended time periods.

(4) In contrast to the maintained male traits, sexual traits
in asexual females display large-scale shifts relative to sexual
females, often indicating decay. Traits decayed in parallel
across many asexual lineages are involved in mate attraction
or location, as well as copulation behaviours, as expected
given the potentially considerable costs associated with the
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expression of these traits. Asexual females also consistently
lack the ability to fertilize eggs or include paternal genetic
contributions in offspring, but this pattern may be linked
to the origin of asexuality rather than being a case of trait
decay.

(5) More generally, we expect that the majority of trait
losses stem from selection rather than the relaxation thereof,
and that losses typically occur in large increments rather
than by the accumulation of small steps. There would thus
be few instances of intermediate situations with traits in the
process of decay, such that in modern taxa only reduced trait
values are observed, for which further reduction provides no
additional fitness benefits.
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Burger, M. (2009). Female genitalia of goblin spiders (Arachnida: Araneae:

Oonopidae): a morphological study with functional implications. Invertebrate Biology

128, 340–358.
Carson, H. L., Chang, L. S. & Lyttle, T. W. (1982). Decay of female sexual-

behavior under parthenogenesis. Science 218, 68–70.
Chintapalli, V. R., Wang, J. & Dow, J. A. T. (2007). Using FlyAtlas to

identify better Drosophila melanogaster models of human disease. Nature Genetics 39,
715–720.

Coss, R. G. (1999). Effects of relaxed natural selection on the evolution of behavior. In
Geographic Variation in Behavior (eds S. Foster and J. Endler), pp. 180–280. Oxford
University Press, Oxford.

Cracraft, J. (1990). The origin of evolutionary novelties – Pattern and process
at different hierarchical levels. In Evolutionary Innovations (ed. M. H. Nitecki), pp.
21–44. University of Chicago Press, London.

De Barro, P. J. & Hart, P. J. (2001). Antibiotic curing of parthenogenesis in Eretmocerus

mundus (Australian parthenogenic form). Entomologia Experimentalis et Applicata 99,
225–230.

Dedeine, F., Vavre, F., Fleury, F., Loppin, B., Hochberg, M. E. & Bouletreau,
M. (2001). Removing symbiotic Wolbachia bacteria specifically inhibits oogenesis in
a parasitic wasp. Proceedings of the National Academy of Sciences of the United States of America

98, 6247–6252.
Del Bene, G., Cavallo, V., Lupetti, P. & Dallai, R. (1998). Ultrastructure of

the accessory gland in the parthenogenetic thrips Heliothrips haemorrhoidalis (Bouche)
(Thysanoptera: Thripidae). International Journal of Insect Morphology & Embryology 27,
255–261.

Delmotte, F., Leterme, N., Bonhomme, J., Rispe, C. & Simon, J. C. (2001).
Multiple routes to asexuality in an aphid species. Proceedings of the Royal Society of

London Series B 268, 2291–2299.
Domes, K., Norton, R. A., Maraun, M. & Scheu, S. (2007). Reevolution of

sexuality breaks Dollo’s law. Proceedings of the National Academy of Sciences of the United

States of America 104, 7139–7144.
Dorken, M. E., Neville, K. J. & Eckert, C. G. (2004). Evolutionary vestigialization

of sex in a clonal plant: selection versus neutral mutation in geographically peripheral
populations. Proceedings of the Royal Society B 271, 2375–2380.

Eckert, C. G. (2001). The loss of sex in clonal plants. Evolutionary Ecology 15, 501–520.
Edwards, R. L., Edwards, E. H. & Edwards, A. D. (2003). Observations of

Theotima minutissimus (araneae, Ochyroceratidae), a parthenogenetic spider. Journal

of Arachnology 31, 274–277.
Enghoff, H. (1967). Parthenogenesis and bisexuality in the millipede Nemasoma

varicorne C.L. Koch 1847 (Diplopoda: Blaniulidae). Morphological, ecological and
biogeographical aspects. Vidensk Meddr Dansk Naturhistorisk Forening 139, 21–59.

Fong, D. W., Kane, T. C. & Culver, D. C. (1995). Vestigialization and loss of
nonfunctional characters. Annual Review of Ecology and Systematics 26, 249–268.

Foucaud, J., Fournier, D., Orivel, J., Delabie, J. H. C., Loiseau, A., Le
Breton, J., Kergoat, G. J. & Estoup, A. (2007). Sex and clonality in the little fire
ant. Molecular Biology and Evolution 24, 2465–2473.

Funk, D. H., Jackson, J. K. & Sweeney, B. W. (2006). Taxonomy and genetics of
the parthenogenetic mayfly Centroptilum triangulifer and its sexual sister Centroptilum

alamance (Ephemeroptera: Baetidae). Journal of the North American Benthological Society

25, 417–429.
Geiger, W., Otero, M. & Rossi, V. (1998). Clonal ecological diversity. In Sex &

Parthenogenesis (ed. K. Martens), pp. 243–256. Backhuys Publishers, Leiden.
Giorgini, M. (2001). Induction of males in thelytokous populations of Encarsia meritoria

and Encarsia protransvena: a systematic tool. BioControl 46, 427–438.
Giorgini, M., Monti, M. M., Caprio, E., Stouthamer, R. & Hunter, M. S.

(2009). Feminization and the collapse of haplodiploidy in an asexual parasitoid wasp
harboring the bacterial symbiont Cardinium. Heredity 102, 365–371.

Giorgini, M., Bernardo, U., Monti, M. M., Nappo, A. G. & Gebiola, M. (2010).
Rickettsia symbionts cause parthenogenetic reproduction in the parasitoid wasp
Pnigalio soemius (Hymenoptera: Eulophidae). Applied and Environmental Microbiology 76,
2589–2599.

Gotoh, A., Billen, J., Tsuji, K., Sasaki, T. & Ito, F. (2012). Histological study
of the spermatheca in three thelytokous parthenogenetic ant species, Pristomyrmex

punctatus, Pyramica membranifera and Monomorium triviale (Hymenoptera: Formicidae).
Acta Zoologica 93, 200–207.

Gottlieb, Y. & Zchori-Fein, E. (2001). Irreversible thelytokous reproduction in
Muscidifurax uniraptor. Entomologia Experimentalis et Applicata 100, 271–278.

Greenfield, M. D. (2002). Signalers and Receivers. Oxford University Press, Oxford.
Grenier, S., Gomes, S. M., Pintureau, B., Lassablière, F. & Bolland, P. (2002).

Use of tetracycline in larval diet to study the effect of Wolbachia on host fecundity
and clarify taxonomic status of Trichogramma species in cured bisexual lines. Journal

of Invertebrate Pathology 80, 13–21.
Groot, T. V. & Breeuwer, J. A. (2006). Cardinium symbionts induce haploid

thelytoky in most clones of three closely related Brevipalpus species. Experimental &

Applied Acarology 39, 257–271.
Gwynne, D. T. (2001). Katydids and Bush-Crickets – Reproductive Behavior and the Evolution

of the Tettigoniidae. Cornell University Press, Ithaca.
Hall, A. R. & Colegrave, N. (2008). Decay of unused characters by selection and

drift. Journal of Evolutionary Biology 21, 610–617.
Hedtke, S. M., Stanger-Hall, K., Baker, R. J. & Hillis, D. M. (2008). All-male

asexuality: origin and maintenance of androgenesis in the asian clam Corbicula.
Evolution 62, 1119–1136.

Heethoff, M., Domes, K., Laumann, M., Maraun, M., Norton, R. A. & Scheu,
S. (2007). High genetic divergences indicate ancient separation of parthenogenetic
lineages of the oribatid mite Platynothrus peltifer (Acari, Oribatida). Journal of Evolutionary

Biology 20, 392–402.

Biological Reviews (2014) 000–000 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



On the fate of sexual traits under asexuality 13

Himler, A. G., Caldera, E. J., Baer, B. C., Fernandez-Marin, H. & Mueller,
U. G. (2009). No sex in fungus-farming ants or their crops. Proceedings of the Royal

Society B 276, 2611–2616.
Hohmann, C. L., Luck, R. F. & Stouthamer, R. (2001). Effect of Wolbachia on the

survival and reproduction of Trichogramma kaykai Pinto & Stouthamer (Hymenoptera:
Trichogrammatidae). Neotropical Entomology 30, 607–612.

Huigens, M. E. & Stouthamer, R. (2003). Parthenogenesis associated with
Wolbachia. In Insect Symbiosis (eds K. Bourtzis and T. A. Miller), pp. 247–266.
CRC Press, Boca Raton.

Hunter, M. S. (1999). The influence of parthenogenesis-inducing Wolbachia on the
oviposition behaviour and sex-specic developmental requirements of autoparasitoid
wasps. Journal of Evolutionary Biology 12, 735–741.

Ito, F., Touyama, Y., Gotoh, A., Kitahiro, S. & Billen, J. (2010). Thelytokous
parthenogenesis by queens in the dacetine ant Pyramica membranifera (Hymenoptera:
Formicidae). Naturwissenschaften 97, 725–728.

Itow, T., Kobayashi, K., Kubota, M., Ogata, K., Imai, H. T. & Crozier, R.
H. (1984). The reproductive-cycle of the queenless ant Pristomyrmex pungens. Insectes

Sociaux 31, 87–102.
Jacob, J. (1954). Allopolyploidy in the Melaniid snails. Nature 174, 1061–1062.
Jacob, J. (1957). Cytological studies of Melaniidae (Mollusca) with special reference

to parthenogenesis and polyploidy. I. Oogenesis of the parthenogenetic species of
‘Melanoides’ (Prosobranchia-Gastropoda). Transactions of the Royal Society of Edinburgh

63, 341–352.
Jeffery, W. R. (2001). Cavefish as a model system in evolutionary developmental

biology. Developmental Biology 231, 1–12.
Jeffery, W. R. (2009). Regressive evolution in Astyanax cavefish. Annual Review of

Genetics 43, 25–47.
Jeong, G. & Stouthamer, R. (2005). Genetics of female functional virginity in the

parthenogenesis-Wolbachia infected parasitoid wasp Telenomus nawai (Hymenoptera:
Scelionidae). Heredity 94, 402–407.

Kageyama, D., Narita, S. & Watanabe, M. (2012). Insect sex determination
manipulated by their endosymbionts: incidences, mechanisms and implications.
Insects 3, 161–199.

Kajita, H. (1993). Induction of males in the thelytokous wasp Encarsia formosa Gahan
(Hymenoptera: Aphelinidae). Applied Entomology and Zoology 28, 115–117.

Kenyon, S. G. & Hunter, M. S. (2007). Manipulation of oviposition choice of
the parasitoid wasp, Encarsia pergandiella, by the endosymbiotic bacterium Cardinium.
Journal of Evolutionary Biology 20, 707–716.

Kiauta, B. (1970). Review of the germ cell chromosome cytology of Collembola, with
a list of chromosome numbers and data on two species new to cytology. Genen en

Phaenen 13, 89–99.
Koivisto, R. K. K. & Braig, H. R. (2003). Microorganisms and parthenogenesis.

Biological Journal of the Linnean Society 79, 43–58.
Korenko, S., Rezac, M. & Pekar, S. (2007). Spider’s (Araneae) of the family

Oonopidae in the Czech Republic. Arachnologische Mitteilungen 34, 6–8.
Korenko, S., Smerda, J. & Pekár, S. (2009). Life-history of the parthenogenetic

oonopid spider, Triaeris stenaspis (Araneae: Oonopidae). European Journal of Entomology

106, 217–223.
Kraaijeveld, K., Franco, P., Reumer, B. M. & van Alphen, J. J. (2009). Effects

of parthenogenesis and geographic isolation on female sexual traits in a parasitoid
wasp. Evolution 63, 3085–3096.

Kremer, N., Charif, D., Henri, H., Bataille, M., Prevost, G., Kraaijeveld,
K. & Vavre, F. (2009). A new case of Wolbachia dependence in the genus Asobara:
evidence for parthenogenesis induction in Asobara japonica. Heredity 103, 248–256.

Kumm, S. (2002). Reproduction, progenesis, and embryogenesis of thrips (Thysanoptera, Insecta).
PhD Thesis: Martin-Luther-Universität, Halle-Wittenberg.

Kumm, S. & Moritz, G. (2008). First detection of Wolbachia in arrhenotokous
populations of Thrips species (Thysanoptera: Thripidae and Phlaeothripidae) and
its role in reproduction. Environmental Entomology 37, 1422–1428.

Lahti, D. C. (2006). Persistence of egg recognition in the absence of cuckoo brood
parasitism: pattern and mechanism. Evolution 60, 157–168.

Lahti, D. C., Johnson, N. A., Ajie, B. C., Otto, S. P., Hendry, A. P., Blumstein,
D. T., Coss, R. G., Donohue, K. & Foster, S. A. (2009). Relaxed selection in the
wild. Trends in Ecology & Evolution 24, 487–496.
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