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Chapter 8

Sexual sterility in diploid clonal plants

Abstract 

Many plants combine sexual reproduction with a form of vegetative, clonal reproduction. 

When environmental scenarios are unsuitable for sexual reproduction, plants can only 

reproduce clonally, meaning their sexual traits and plant fertility no longer contribute to plant 

fitness. Hence, their sexual traits and fertility are released from selection and expected to decay. 

The process of sexual trait decay in asexual lineages can occur via drift, selection or as a 

consequence of mutation accumulation due to the absence of recombination. Here, we review 

the fate of sexual traits and fertility of 23 diploid, non-apomictic clonal plant lineages. We first 

describe the ecological processes leading to obligate clonality and discuss how sexual trait 

decay of clonal lineages can be studied. We specifically focus to describe which evolutionary 

mechanism describes the trait decay as observed best. In the clonal lineages studied, sexual 

trait decay occurs frequently across various traits. Resource limitations seem of minor 

importance in clonal plant lineages, as the most frequently observed form of sexual trait decay 

is a reduction in fertility, rather than a reduction in the number and size of traits produced. 

The ubiquitous decrease of fertility in clonal plants is most likely due to deleterious somatic 

mutation accumulation, in combination with a genetic architecture that involves many targets 

for disrupting mutations. The high frequency of sterility amongst clonal plants suggests that 

once sexual reproduction is functionally lost, plant lineages accumulate deleterious mutations 

that rapidly impede a reversal to sexual reproduction. Sexual trait loss in diploid clonal plants 

is therefore best explained as the fate of, rather than an adaptation to, an asexual life.

Submitted



132

Chapter 8

Introduction

Many plants combine outcrossing with a form of clonal, vegetative spread, e.g. via rhizomes, 

bulbils or stolons. In situations where sexual plant reproduction is impeded, e.g. when 

environmental factors are unsuitable for outcrossing, offspring succession can only proceed 

via clonal growth. In these obligate clonal lineages, many formerly adaptive traits related to 

sexual reproduction lose their significance to the fitness of focal individuals (Carson et al. 1982). 

Because these sexual traits are non-functional, they are released from selection and thus expected 

to decay (Fong et al. 1995). For example, whereas pollinators exert a strong selective pressure 

for plants to display large, distinctly colored flowers (e.g. Dyer et al. 2012, Schiestl and Johnson 

2013, Bischoff et al. 2013, van der Kooi et al. 2015), large, colorful flowers are non-functional in 

plants that reproduce solely via selfing or asexual reproduction. Trait decay is likely to proceed 

more rapidly when production or maintenance of the trait (e.g. flowers) requires exhaustive 

amounts of water, nutrients and photosynthate (Niklas 1994, Galen 1999), or when large-

flowered phenotypes suffer from increased levels of mortality or herbivory (Parachnowitsch and 

Caruso 2008, Parachnowitsch and Kessler 2010, Mojica and Kelly 2010, Krizek and Anderson 

2013). 

 The fate of sexual traits has been extensively studied in selfing plant lineages showing 

the unequivocal regression of sexual traits once they are non-functional (e.g. Ornduff 1969, 

Cruden and Lyon 1985, Armbruster et al. 2002, Dart et al. 2012, Weber and Goodwillie 2013; 

for an angiosperm-wide screen, see Goodwillie et al. 2010). In asexual plants, traits essential 

for outcrossing (e.g. size and number of flowers) are also expected to decay (e.g. Stebbins 1950, 

Faegri and Van der Pijl 1979, Longton and Schuster 1983, Cook 1987). Furthermore, clonal 

propagation does not require fertile pollen and ovules, so mutations reducing plant fertility 

(hereafter: sterility mutations) might accumulate in clonal plants (Klekowski 1997, 2003). In 

addition to the expected reduction in floral display size, reduced pollen and ovule fertility are 

therefore also likely to occur in clonal plants. 

 In populations where sexual reproduction is prevented and plants only propagate via 

clonal growth, mutations affecting sexual traits or fertility can spread. Sterile genotypes and 

plants with decayed sexual traits arise through somatic mutations (Klekowski 1997). The ploidy 

of the tissue can determine the rate at which a mutation is expressed, e.g. recessive mutations 

cannot be masked in haploid tissue such as pollen (Bull and Charnov 1985, Ally et al. 2010). 
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Furthermore, the genetic architecture encoding for a trait affects the rate of trait decay once the 

trait is non-functional. If the genetic pathway involves many targets for disrupting mutations 

and a single mutation can render the trait non-functional, trait decay is likely to proceed rapidly 

(Prout 1964). On the other hand, if a trait is governed by many loci, that each have a small effect 

on expression of the trait, a single deleterious mutation might not be detrimental (Kondrashov 

1994). 

 Mutations affecting sexual traits and fertility can increase their frequency in a clonal 

lineage through four different mechanisms (Fong et al. 1995, Eckert 2002; Tabel 1). 

1. Sexual traits and fertility of clonal plants are released from selection and mutations in the 

genetic pathway coding for these traits can become fixed via drift, whereas in sexual species, 

these mutations would be kept at a frequency determined by mutation-selection balance. This 

hypothesis is referred to as the ‘neutral mutation hypothesis’ (Wilkens 1988), and as regression 

of the trait is not associated with a fitness gain (i.e. neutral) it likely proceeds slowly (Brace 1963, 

Teotonio and Rose 2000, Hall and Colegrave 2008). If the neutral mutation hypothesis holds for 

sexual trait decay in clonal plants, one would expect low levels of trait decay across different 

clonal plant lineages (e.g. flowers and fertility across different clonal lineages show little sign 

of decay, if at all). 

2. Expression of the trait is selected against, because the trait is maladaptive, e.g. the sexual 

trait is used by a predator (Zuk et al. 2006), or, a scenario probably more common for plants, 

the sexual trait requires a significant resource allocation (Prout 1964, McNab 1994, Fong et al. 

1995). Hence, in the ‘reallocation hypothesis’ reduction of a trait (e.g. flowers) allows limited 

resources to be reallocated to traits or functions that still increase fitness, such as vegetative 

growth (e.g. Herben et al. 2015). Accordingly, selection favors regression of the trait and hence 

its decay will proceed rapidly (Hall and Colegrave 2008). If so, for clonal plants a reduction 

in number and size of sexual traits (e.g. smaller and fewer flowers and pollen) is expected to 

correlate with increased vegetative vigor.

3. In populations with balanced sexual and vegetative reproduction, polymorphisms for 

alleles that increase vegetative growth and pleiotropically, proportionally decrease the sexual 

reproduction are selectively neutral and can persist. When sexual reproduction becomes limited, 

such alleles will be under positive selection because they increase vegetative growth, while 

their negative effect on sexual reproduction is no longer relevant. This hypothesis is called the 

‘antagonistic pleiotropy hypothesis’ (Wright 1964, Regal 1977). In order for this hypothesis to 
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hold, the regressive trait must be genetically correlated with the constructive trait (Borowsky and 

Wilkens 2002, Porter and Crandall 2003). Information on the genetic architecture that underlies 

the sexual traits is therefore essential in order to be able to disentangle the antagonistic pleiotropy 

hypothesis from the resource reallocation hypothesis.

4. Sterility mutations are part of an overall accumulation of many, generally deleterious 

mutations (as a consequence of the absence of recombination; Muller 1964, Felsenstein 1974). 

A distinguishing feature of this hypothesis is that high mutation accumulation reduces both 

functional as well as non-functional traits. Since in this hypothesis also fitness related traits 

decay, it will eventually lead to a ‘mutational meltdown’ (Lynch et al. 1993). In contrast with 

neutral trait decay, in this scenario clonal plant lineages are expected to have a higher mutation 

accumulation than sexual lineages. 

 Different mechanisms driving trait decay are not mutually exclusive but they can occur 

synergistically (Jeffery 2010). The relative importance of each mechanism could theoretically 

be disentangled, however, by comparing the sexual trait decay of many independently derived 

clonal plant lineages. Illustrations of clonal plants with floral elements and reproductive organs 

that become vestigial often involve sexual-asexual lineage comparisons with different ploidy. 

Despite the fact that polyploidy might be a result of asexuality rather than the cause of it (Neiman 

et al. 2014), diploid sexual and polyploid asexual plant lineages cannot easily be compared, since 

polyploids generally have a different flower morphology and growth rate (Stebbins 1950, Bell 

1982, Gao et al. 2014). In addition, for many species, polyploidy and sterility are confounded 

(Matzk et al. 2003, Ramsey et al. 2011, Guan et al. 2012, Marinho et al. 2014), as unequal 

ploidy levels lead to unbalanced chromosome numbers in gametes and hence sexual dysfunction 

(reviewed in Ramsey and Schemske 2002). 

 More than a decade ago, Eckert (2002) reviewed the concept of “the loss of sex in 

clonal plants”. New empirical studies and progress in genetic research on sexual traits allow an 

extension on Eckert’s review. In this review, we summarize cases of sexual trait decay in diploid 

non-apomictic plants that propagate only via vegetative, clonal propagation. We specifically 

test how the hypotheses posed by Eckert (2002) currently apply to cases of sexual trait decay in 

clonal plants. We systematically searched through Google Scholar using various combinations 

of the following search terms: clonal, diploidy, flowering, fertility, mutation, plant, pleiotropy, 

reproduction, rudiment, sex, sterility, trait decay, vegetative, vestigialization and the species 

names listed in our table. In addition, all references to and in the included studies were checked. 
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 The systematic search of the literature yielded results on 23 diploid clonal plant lineages. 

We realize there likely are many more cases of (near) obligate clonality in plants in which sexual 

trait decay did not occur or was not documented. The aim of our study, however, is to summarize 

the species in which sexual trait decay was described and, for these species, to inferthe likely 

evolutionary process that facilitated the decay. Because trait decay can occur at multiple levels, 

we divided observations on trait decay in the following levels: flower size, male vs. female 

reproductive components (anther size and pollen fertility vs. carpel morphology and fertility, 

respectively) and seed viability (following: Charlesworth and Charlesworth 1987, Lloyd 1987, 

Niklas 1994). In addition, the data were used to test whether sexual trait decay is accompanied 

by an increase in vegetative vigor, e.g. higher survival or enhanced growth. Before we discuss 

our findings, we will first briefly outline how ecological factors can render a plant lineage

When are plants obligatory clonal and how can their sexual 
functionality be tested? 

Well-known examples of uniparental reproduction are the cases of self-fertilization (selfing) 

plants. Selfing has evolved from outcrossing numerous times, in many cases because it provides 

reproductive assurance when outcrossing is unpredictable or unreliable (Pannell and Barrett 

1998, Vallejo-Marín et al. 2010, Pannell 2015). Similar as in selfing plants, obligate clonal plant 

populations are also often found in environments that disfavor sexual reproduction, e.g. due to 

environmental factors. An important determinant of sexual reproductive success is temperature, 

as it influences both pollinator presence and seed germination. Unsuitable (mostly: low) 

temperatures might lead to a deficit of viable pollen donors and minimal seedling recruitment 

(Lamont et al. 1993, Charpentier et al. 2000, Honnay et al. 2006, Berjano et al. 2013). Generally, 

in environments where sexual reproduction via outcrossing is limited (e.g. at higher altitudes 

or latitudes; Young et al. 2002, Dorken et al. 2004), transition rates from outcrossing to selfing 

or obligate clonal reproduction (for plants that have the ability to spread vegetatively) are high 

(Barrett 2002, Griffin and Willi 2014). Many obligate clonal populations therefore occur at the 

geographical margins of a species’ range. 

 To quantify changes in sexual traits in an asexual lineage, a related sexual lineage is 

required as reference. Ideally, in order to increase the number of replicates, multiple independently 

derived asexual lineages are compared with their sexual counterparts (Ritland and Ritland 1989, 
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Johnson et al. 2010, Schwander et al. 2013). In plant species where both sexual and obligate 

clonal populations persist, sexual traits and fertility can be compared. For species from which 

no sexual lineage is known, a closely related sexual sister-species can be used as a reference 

(Kimpton et al. 2002, Ortega-Baes and Gorostiague 2013). 

 In the next sections the contribution of different mechanisms causing sexual trait decay 

and fertility loss of diploid clonal plants is discussed.

Neutral mutation accumulation

Trait decay via neutral mutation accumulation relies on genetic drift, which is in evolutionary 

context a slow process (Table 1). In the evaluation of the neutral trait decay hypothesis it is 

important to consider that we only included reports on clonal plants where sexual trait decay 

occurred. Three arguments, however, substantiate the claim that drift alone is an unlikely driving 

force for the observed trait decay. Firstly, clonal plants frequently exhibit multiple decayed 

sexual traits, simultaneously, at various levels (Table 2). If mutation fixation were random, 

sexual trait decay would be expected to occur similarly frequent across different traits. However, 

trait decay shows a non-random pattern and notably male and female fertility are most frequently 

degenerated (Table 2). For example, although many lineages still flower, their pollen are infertile. 

Secondly, neutral trait decay proceeds very slowly and thus requires a lineage to exist millions of 

years, a timeframe seldom reached by asexual lineages (Schurko et al. 2009). Finally, trait decay 

was documented to occur in clonal plants of two relatively young populations (i.e. populations 

that were younger than 10.000 years; Dorken et al. 2004, Ally 2008). In these populations the 

observed trait decay seems unlikely to be solely caused by the accumulation of neutral mutations 

alone. In conclusion, considering the observed high rate of decay of sexual traits in the plants 

included here, the hypothesis of random fixation of neutral mutations therefore seems an unlikely 

scenario. 

 Similar to clonal plants, the effect of drift alone on sexual trait decay has recently been 

shown to also be unimportant in asexual animal lineages (van der Kooi and Schwander 2014a). 

Asexual animal lineages exist of females only, and thus only female-specific traits are exposed to 

selection. Accordingly, males that are being produced (e.g. by accident or via antibiotic treatment, 

in case of asexuality caused by an infection with bacterial endosymbionts) are fully functional, 

whereas females often show decay of various sexual traits (van der Kooi and Schwander 2014a). 
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Are resource limitations driving the decay of sexual traits?

Both the resource allocation hypothesis and the antagonistic pleiotropy hypothesis involve 

selection as the driving force and are therefore potentially faster mechanisms than neutral 

drift. According to both hypotheses the loss of sexual traits should be accompanied by a gain 

in nonsexual components of fitness. For some species resource reallocation has been indicated 

to be the evolutionary driving force for the observed trait decay, mostly regression of the floral 

display. In some cases clonal reproduction was associated with a (slight) increase in vegetative 

Hypothesis

Selection 
as driving 
force

Effect on 
vegetative 
growth

Expected observations References

Neutral 
mutation 
accumulation

No None

Sexual traits are not associated with a 
fitness gain or loss and are thus under 
relaxed selection.  Neutral mutations 
increase in frequency via drift and trait 
decay proceeds slowly.

Wilkens 1988, 
Teotonio and 
Rose 2000

Resource 
reallocation

Yes Increase

Trait decay releases constraints on 
resources that can now be used for 
other ends, e.g. small-flowered clonal 
plants have greater vegetative vigour. 
Because selection is driving trait decay, 
it proceeds rapidly.

Regal 1977, 
Fong et al. 
1995

Antagonistic 
pleiotropy

Yes Increase

Trait decay is correlated with an 
increase in vegetative vigour, through 
genetic linkage of regressive and 
constructive traits. Reduced expression 
of genes underlying sexual traits 
increases expression of genes coding 
for vegetative traits.

Prout 1964, 
Wright 1964, 
Regal 1977, 
Porter and 
Crandall 2003

Mutational 
meltdown

No Decrease

Clonal plants suffer from accumulation 
of deleterious mutations due to their 
non-recombining mode. Sexual trait 
decay is part of an overall decrease 
of plant fitness eventually leading to 
extinction of the clonal plant lineage.

Lynch et al. 
1993

Table 1: Hypotheses on mechanisms involved in sexual trait decay in clonal plant lineages.
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References

Rh Araliaceae Panax sikkimen-
sis - - - R - - Yes1 Sharma et al. 

2011

Rt Asteraceae Acanthocladium 
dockeri N - - R - Less germina-

tion Yes Jusaitis and 
Adams 2005

Rh Asteraceae Rutidosis leiolep-
is R - - - - - - Young et al. 

2002

St Cactaceae Echinopsis thele-
gona R I? - - - - -

Ortega-Baes 
and Gorosti-
ague 2013

Rt Cupressaceae Juniperus sabina - - - R? - Sterile? Less 
germination? ? Wesche et al. 

2005

St Dendrocerota-
ceae

Nothoceros aenig-
maticus - - R R N - -

Renzaglia and 
McFarland 
1999 

Rh Fabaceae Eremosparton 
songoricum R I - - R Smaller, less 

germination - Wang et al. 
2012

Bb Gesneriaceae Titanotrichum 
oldhamii - I - R R - - Wang et al. 

2004

Rt Lythraceae Decodon verticil-
latus - I2 - R R -

Eckert et al. 
1999, Dorken 
and Eckert 
2001, Dorken 
et al. 2004

Table 2: Case studies on the decay of sexual traits in clonal plants. Abbreviations: Rh = 
rhizomatous; Rt = via roots; St = via (creeping) stems; Bb = via bulbils; R = reduction / 
regression; N = normal; I = increase; - = no information on this trait available; ? = inference 
uncertain. 
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Rt Menyanthaceae Nymphoides mon-
tana3 I I R R R - Yes

Haddadchi 
2013, Haddad-
chi et al. 2014

Rt Myrsinaceae Lysimachia num-
mularia - - - R - - Yes Bittrich and 

Kadereit 1988

Bb Oxalidaceae Oxalis natans - - - - - Sterile - Zietsman et al. 
2008

Rt Protaceae Banksia elegans N N? R4 R N Sterile - Lamont and 
Barrett 1988

Rh Protaceae Grevillea al-
thoferorum R - - R R Sterile - Burne et al. 

2003

Rt Protaceae Grevillea 
infecunda N - N R N? - - Kimpton et al. 

2002

Rh Protaceae Grevillea 
rhizomatosa - - R4 R R - Yes5

Gross and Cad-
dy 2006, Gross 
et al. 2012

Rh Ranunculaceae Coptis teeta ssp. 
lohitensis R I? - R R - Yes1

Pandit and 
Babu 2000, 
Pandit and 
Babu 2003

Rt Salicaceae Populus 
tremuloides - - - R - - Yes5

Ally 2008, 
Ally et al. 
2010

Rt Santalaceae Santalum 
lanceolatum - - - R R - - Warburton et 

al. 2000

Rh Sparganiaceae Sparganium 
erectum R I - R R - - Piquot et al. 

1998

Rt Ulmaceae Ulmus minor I - N N R - Yes?6
López-
Almansa et al. 
2003

Rh Veronicaceae Veronica 
filiformis R - R4 R R Smaller, less 

germination Yes Scalone and 
Albach 2012

Rh Zingiberaceae Mantisia 
spathulata - - - R - - Yes1 Sharma et al. 

2011

Footnotes: 1 Synaptic mutation; 2 Higher survival; 3 The polyploidy of some clones can be 
excluded as origin of sterility; see Haddadchi et al. 2014; 4 Less pollen (release); 5 High somatic 
mutation rates; 6 Sterile genotypes raise both fertile as sterile sires, suggesting this species is at 
an intermediate stage of trait decay. 
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growth (Table 2), though there is no clear correlation between regression of the floral display 

and an increase in vegetative growth. Rather, the vast majority of lineages still flowers, which 

allowed examination of their fertility. Interestingly, clonal plants produce normal (high) amounts 

of pollen and carpels that are, however, mostly infertile (Table 2). If resource limitations would 

be the driving force of trait decay, clonal lineages are expected to stop flowering, or at least 

exhibit a reduction in the size of flowers, ovules or pollen, rather than the production of (many) 

infertile ovules or pollen. Because it remains possible that the plants are at an intermediate stage 

of trait decay (e.g. they flower less often or display a lower number of flowers) or that resource 

reallocation was not examined in the original studies (e.g. root growth), we cannot fully exclude 

that in some clonal plants reallocation of resources from reproductive to vegetative structures 

occurs. However, in species with sterile pollen, several female-specific fertility-related traits (e.g. 

the ability to support pollen tube growth) are not expressed and thus not exposed to selection, so 

their decay can thus not be driven by selection. Therefore the finding that in plants with sterile 

pollen also female fertility has degenerated supports the conclusion that non-selective processes 

are more important than selective processes in the observed trait decay. 

 Interestingly, there seems to be no relation between pollen viability and the number of 

pollen produced: in only two cases decreased pollen viability was associated with a reduction 

in pollen production (Gross and Caddy 2006, Scalone and Albach 2012). Whereas anther 

size is often used to estimate the number of pollen and thereby serves as an estimate of male 

reproductive output (e.g. Ritland and Ritland 1989, Johnson et al. 2010), Table 2 shows that a 

normal (high) production of pollen does not necessarily correlate with a high male fertility, as 

the pollen can still be infertile. Clearly, for clonal plants, resource limitations are not the primary 

mechanism driving sexual trait decay.

 In contrast with the clonal plant lineages discussed here, sexual trait decay via resource 

reallocation occurred frequently in a specific group of plants, i.e. in asexual evening primroses 

(Oenothera spp.; all diploids). The genus Oenothera comprises both sexual lineages and lineages 

characterized by a reproductive mode named permanent translocation heterozygosity, i.e. non-

apomictic, asexual reproduction via seeds. Asexual Oenothera species self-fertilize and therefore 

require functional male and female fertilities, but meiosis occurs without crossing over (Holsinger 

and Ellstrand 1984). Hence this mode of reproduction can be considered as functionally asexual. 

Johnson et al. (2010) studied many independently derived functionally asexual Oenothera 

lineages and found that the transition from sexuality to functional asexual functionally asexual 
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reproduction occurs via seeds, larger seeds can be considered a form of resource reallocation. In 

addition, functionally asexual Oenothera species show a wider geographical distribution relative 

to their sexual counterpart (Johnson et al. 2010), a pattern frequently observed in asexual species 

(e.g. Bell 1982, Law and Crespi 2002, Saleh et al. 2012, van der Kooi and Schwander 2014b). 

Functionally asexual Oenothera species furthermore show a higher diversification rate relative 

to sexual sister-species (Johnson et al. 2011), though the loss of sex in this group of species is 

also associated with deleterious mutation accumulation (see below). 

Antagonistic pleiotropy hypothesis

Plant sexual reproduction is a complex trait governed by many loci (O’Neill and Roberts 2002), 

which are potentially genetically correlated (Fischer et al. 2004). In six cases sterile plants 

exhibited higher vegetative growth (Table 2). Yet, only one experimental study has thoroughly 

assessed the effect of antagonistic pleiotropy on sexual trait decay, i.e. in the well-studied aquatic 

plant Decodon verticillatus (Dorken et al. 2004). Despite the relatively short evolutionary age 

of the clonal populations of D. verticillatus (i.e. approx. 8000 years, since the last glacial age; 

see Eckert and Barrett 1995), sterility has arisen repeatedly and thus most likely driven by 

selection. Dorken et al. (2004) performed an elegant experiment where they grew both fertile 

and sterile plants in uniform environments, while suppressing flowering and thereby eliminating 

resource competition between sexual and vegetative growth) Sterile plants had higher survivals 

during winter dormancy and, as resource competition could be excluded, this must be due to a 

pleiotropic effect (Dorken et al. 2004). 

 Studies that focused on the genetic architecture of different components of plant sexual 

traits are rather contradictory, and genetic correlations between different components of plant 

sexual reproduction seem to greatly differ between the species studied (reviewed in Sicard and 

Lenhard 2011, Krizek and Anderson 2013). The currently available data is insufficient to exclude 

or confirm an important role of antagonistic pleiotropy. Further in-depth genetic studies are 

needed to infer the genetic linkage between sexual and vegetative traits. Future studies should 

also involve experiments where clonal and sexual plants are grown under uniform environments 

(Dorken et al. 2004), in order to assess the importance of selective pressures on sexual trait 

decay.
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Mutational meltdown in clonal plants

The high frequency of sexual trait decay and the observation that decay is only in a few plant 

lineages associated with an advantage do not support the first three hypotheses (see Table 1). In 

order for the mutational meltdown hypothesis to hold, the effect of mutation accumulation via 

drift must outweigh the effect of diplontic selection (Klekowski 2003). The effect of mutation 

accumulation in clonal plant lineages can be accelerated in two ways, i.e. via high mutation 

rates and when the genetic architecture is easily disrupted by few mutations (it is ‘vulnerable’). 

In addition, the age of asexuality is expected to be correlated with the mutational load, because 

old asexual lineages have generally accumulated more mutations than recent asexual lineages 

(Scofield and Schultz 2006, Schultz and Scofield 2009). Several lines of evidence show that high 

mutation rates, a vulnerable genetic architecture and asexual age-effects occur in asexual plants.

 Many clonal plant lineages are documented to have accumulated more mutations 

than their sexual counterpart (Klekowski 1988, McKey et al. 2010, Ally et al. 2010, van der 

Merwe et al. 2010, Reusch and Boström 2011, Bobiwash et al. 2013; reviewed in Whitham and 

Slobodchikoff 1981, Klekowski 2003). For ten clonal lineages included in this study, the sexual 

trait decay was furthermore found to have a genetic basis (Table 2). For example, in the clonal 

lineages of Coptis teeta, pollen sterility was due to a synaptic mutation that leads to the unequal 

division of chromosomes to gametes during meiosis (Pandit and Babu 2003). 

 The prediction of higher mutation accumulation in older asexual lineages, relative to 

young asexual lineages is supported by the findings in clonal plant lineages. In clonal plants, a 

meta-analytical study comprising long-lived and short-lived clonal plants showed that long-lived 

clonal plants accumulated more mutations, and that this mutation accumulation also leads to 

lower fertilities (Lamont and Wiens 2003). The manifestation of pollen sterility (Table 2) can be 

explained by the haploidy of pollen in which sterility mutations are not being masked (Bull and 

Charnov 1985). Whereas in sexually reproducing plants the gametophytic (pollen) phase acts as 

purging selection on sterility mutations (Walbot and Evans 2003, Borg et al. 2009, Chibalina and 

Filatov 2011), sterility mutations can persist in clonal plants. The effect of sterility mutations in 

pollen will be greater when the genetic architecture of pollen function involves many targets for 

disrupting mutations, i.e. a single mutation can lead to sterility. Indeed, there are cases of single 

mutations that render pollen sterile (reviewed in Chaudhury 1993, Chase 2007). Possibly, the 

genetic architecture underlying fertility loss in clonal plants comprises a genetic architecture 
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with many targets for disrupting mutations. Similarly, in some asexual animals sexual trait decay 

was also found to be due to relatively few mutations (Pannebakker et al. 2004, Ma et al. 2014).

 The mutational meltdown hypothesis predicts that not only sexual traits decay, but 

that whole clonal plant fitness is reduced. A strong link between high mutation accumulation 

and reductions in whole plant fitness or extinction rates has not been demonstrated, but it 

remains possible that declines in plant populations previously attributed to environmental or 

anthropological causes might in fact have suffered from severe deleterious mutation accumulation 

(Klekowski 2003, Honnay and Bossuyt 2005). 

 In contrast to the clonal lineages, mutation accumulation was more thoroughly studied 

in the Oenothera system. A recent study by Hollister et al. (2015) showed that the loss of sex 

in this group of species is associated with higher mutation accumulation (see also Godfrey and 

Johnson 2014). Functionally asexual Oenothera lineages not only exhibited more mutation 

accumulation, many mutations were non-synonymous and functionally asexual lineages 

exhibited more premature stop codons in their transcriptomes, suggesting the mutational 

accumulation is deleterious (Hollister et al. 2015). Mutation accumulation tended to be higher 

in older Oenothera lineages (Hollister et al. 2015), although the number of old asexual lineages 

studied was low. Hence, despite several advantages that functionally asexual Oenothera lineages 

have compared to their sexual counterparts (see above), the long-term evolutionary potential and 

the fate of the functionally asexual lineages remains unclear.

The (ir)reversibility of the loss of sex in clonal plants

Asexual reproduction is generally considered an evolutionary ‘dead end’ (e.g. Stebbins 1950, 

Lynch et al. 1993). Due to the absence of recombination, asexual organisms are thought to 

accumulate deleterious mutations and thereby possibly suffer from reduced evolutionary potential 

and adaptability. Despite theoretical support, this hypothesis is built upon little empirical data 

(Vorburger 2001, Rice 2002, Paland and Lynch 2006, Neiman et al. 2010, Henry et al. 2012, 

Hollister et al. 2015). 

 The mutational meltdown hypothesis is not conclusively demonstrated in diploid 

clonal plant lineages, because the effect on whole plant fitness is unclear. However, the loss of 

fertility in many clonal plants rendered the lineages obligatory asexual. Sexual reproduction is 

a very complex trait, making a reversal to sex highly unlikely (Bull and Charnov 1985). The 
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loss of fertility will thus accelerate the effect of mutation accumulation because it impedes a 

reversal to sexual reproduction and hence recombination. Possibly, the mutation accumulation 

and loss of fertility in clonal lineages explains the virtual absence of ancient diploid clonal 

plant lineages. The adaptive potential of functionally asexual Oenothera species seems less 

narrow. All functionally asexual Oenothera species have arisen recently and are associated with 

increased diversification rate, relative to their sexual sister-species (Johnson et al. 2010, Johnson 

et al. 2011). Because functionally asexual Oenothera plants remain fertile, occasional cross-

pollination between different plants might occur, which can result in higher genetic variation. 

Concluding remarks

I. Various factors affect the balance between sexual and vegetative reproduction in plants, 

resulting in different selective pressures on reproduction-specific traits. In contrast to 

self-fertilizing plants, few studies have addressed the fate of sexual traits in clonal plants 

(Eckert 2002). In diploid clonal plants sexual traits and fertility degenerate simultaneously 

across different levels, thereby departing from the neutral mutation accumulation 

hypothesis. 

II. For few lineages a regression in floral display is correlated with an increase in vegetative 

growth, indicating resource reallocation from the former to the latter facilitates this form 

of trait decay. However, the majority of clonal lineages maintain flowering and exhibit 

no advantage parallel to trait decay, suggesting energy reallocation and antagonistic 

pleiotropic effects between sexual and vegetative components are of minor importance. 

III. Clonal plants often maintain their floral structures but exhibit reduced fertilities, notably 

low pollen fertility, suggesting selection is an unlikely driver of this form of sexual trait 

decay. The high sterility of clonal plants is likely due to a combination of high mutation 

accumulation and a vulnerable underlying genetic architecture that allows many targets 

for disrupting mutations (Prout 1964). 

IV. For the plant species discussed, the frequently observed sexual sterility and its genetic 

basis are best supported by the hypothesis that they are the result of mutation accumulation 

as a consequence of the abandonment of recombination, and they should therefore not be 
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considered adaptations to a non-recombining life-style. Furthermore, the loss of fertility 

impedes a reversal to sexual reproduction, thereby limiting the plant’s future adaptability.
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