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Abstract Genome evolution in asexual organisms is theoretically expected to be shaped by 
various factors: first, hybrid origin and polyploidy confer a genomic constitution of highly 
heterozygous genotypes with multiple copies of genes; second, asexuality confers a lack of 
recombination and genetic variation in populations, which reduces the efficiency of selec-
tion to purge deleterious mutations, hence, deleterious mutations would accumulate (Muller’s 
ratchet) and lead to early extinction of such asexual lineages; third, allelic sequence divergence 
is expected to result in rapid differentiation of lineages (Meselson effect). Here we review 
genomic studies using next-generation sequencing (NGS) technologies on two asexual plant 
systems, Boechera (Brassicaceae) and Ranunculus (Ranunculaceae). In Boechera, population 
genetic data suggest high levels of heterozygosity resulting from multiple hybrid origins and 
from allelic sequence divergence over a longer evolutionary time frame. RNA-Seq in tran-
scripts of flowering buds in Ranunculus confirmed hybrid origin and showed allelic sequence 
divergence within a short time frame (ca. 70,000 years). However, dN/dS ratios did not support 
a genome-wide accumulation of mutations in asexuals compared to sexuals, but divergence in 
a limited number of genes related to development. We hypothesize that facultative sexuality 
reduces mutation accumulation of apomictic lineages and thus could escape its long-term 
deleterious effects. Both facultative sexuality and allelic divergence may facilitate acquisition 
of new gene functions and biological diversification. Transcriptome studies suggest global 
differences in gene expression between sexual and apomictic development. Finally we review 
constraints and potentials when studying asexual non-model organisms via NGS methods. 
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Introduction

Understanding genome evolution is presently a hot topic in plant biology. 
Next-generation sequencing (NGS) technologies generate huge amounts of 
genomic data, allowing researchers to peer deeper in the past with a higher 
resolution on organisms’ natural history and evolution, such as the enigma 
of the predominance of sex in nature (Otto, 2009). One relevant theory to 
explain the benefits of sex (which is comprehensively reviewed elsewhere; see 
e.g., Kondrashov, 1993; Birdsell & Wills, 2003; Hörandl, 2009) suggests that 
sexual reproduction protects the genome from the accumulation of deleteri-
ous mutations (see details in the next section) (Muller, 1964; Kondrashov, 
1988; Hörandl, 2009). However, genome-scale molecular scrutiny of such pro-
cesses simply was not feasible with Sanger sequencing methods. Now, NGS 
methods offer the tools to tackle such fundamental biological questions. Here 
we will discuss theoretical assumptions of asexual genome evolution and 
empirical information from two angiosperm model systems.

Sexuality is probably the most important factor that shapes genomic fea-
tures of major animal and plant groups. In plants, the sexual formation of 
a new individual requires a transitional change, or alternation between the 
sporophytic (2n) and gametophytic (n) generations through meiosis and gam-
ete fusion (Harrison & al., 2010). Meiosis is a specialized cell division present 
in eukaryotes that involves DNA repair mechanisms, and epigenetic repro-
gramming responsible for genomic integrity and the resetting of imprinted 
genes crucial for the preservation of both developmental fate and functions 
through epiallelic variation (reviewed in Gutierrez-Marcos & Dickinson, 
2012; Kawashima & Berger, 2014). Meiosis encompasses a single step of DNA 
replication and two steps of chromosome segregation (meiotic divisions I and 
II). In the first meiotic division, a complex association between homologous 
chromosomes is established to initiate double strand break formation and 
repair mechanisms leading to physical exchange and recombination of diverse 
chromosomal segments among maternal and paternal pairs (Bernstein & 
al., 1985; Harrison & al., 2010). Then, the chromosome number is halved by 
segregating homologous chromosomes rather than chromatids. The second 
meiotic division is a mitosis-like division in the way that replicated chroma-
tids (sister chromatids) loose cohesion and segregate to opposite cell poles. As 
final product, meiosis generates four haploid cells which, because of meiotic 
recombination and chromosome and/or chromatid assortment, contain new 
genetic combinations (Harrison & al., 2010). Additionally, random gamete 
mixing among individuals further potentiates new combinations and genetic 
variation in populations. Thus, every single sexual organism has an exclu-
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sive and distinct genetic sequence that differentiates it from parents and sib-
lings. Meiosis is the source of recombination and independent segregation of 
genetic factors in offspring, which creates genetic variation, and can generate 
all possible allele combinations and thus exposes the allelic phenotypes to 
natural selection, which allows purging a lineage from harmful mutations.

Asexual organisms, in contrast, skip the ploidy-phase changing step of 
the alternation of generation cycle, and reproduce by avoiding or suppressing 
reductional meiotic division. In angiosperms, asexually derived individuals 
can be formed by two basic processes: vegetative propagation, or asexual seed 
formation (apomixis). While the first implies only extra vegetative growth 
and asexual fragmentation without undergoing the single-cell stage and 
embryogenesis, the latter involves the development of a new organism out of 
a single cell and an embryo stage of development (Mogie, 1992). Under vegeta-
tive growth, perennial plants may avoid mutation accumulation by indeter-
minate cell-growth, which minimizes the number of cell divisions and would 
keep relatively mutation-free cells at the tip of the growing plant (Lanfear & 
al., 2013; Aanen, 2014). Passing through a single-cell stage already is an effi-
cient mechanism to eliminate deleterious mutations in sexual offspring, as 
genetic defects of the initial cell are passed to all daughter cells of this organ-
ism. Selection, therefore, can rapidly eliminate such mutants (Crow, 1988; 
Hörandl, 2009). In apomictic plants, however, a complex array of develop-
mental features and elements are combined to avoid and/or suppress recom-
bination and reductional meiotic steps within the normal sexual reproductive 
process. Consequently, the developed seed carries a clonal embryo (see Box 1). 
By doing so, apomictic plants might not be able to purge deleterious muta-
tions efficiently (see next section). 

An important point for genome evolution, however, is the fact that apo-
mixis is hardly ever obligate in angiosperms. Facultative asexuality describes 
the formation of both sexual and asexual progeny by one single plant within 
the same generation, i.e., from different ovules and seeds in the same mother 
plant. Each single ovule of an apomictic plant can independently develop 
into either a sexual or an asexual seed. In the case of diplospory, some ovules 
would be characterized by normal (reductional) meiosis instead of the non-
reductional apomeiosis (Box 1); in the case of apospory, as both developmental 
pathways run in parallel, meiosis can proceed normally, outcompete apo spory 
and develop into sexual seeds in some ovules. Large-scale screenings suggest 
that diplosporous apomixis tends to be more obligate (e.g., Van Dijk, 2007; 
Aliyu & al., 2010; Noyes & Givens, 2013), while aposporous apomicts usually 
express facultative sexuality, with a broad range of frequencies among spe-
cies and genotypes within populations (e.g., Hojsgaard & al., 2013, 2014a) and 
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sensitivity to environmental conditions (e.g., Quarin, 1986; Espinoza & al., 
2001; Šarhanová & al., 2012). 

Overall, apomictically derived plants bypass genetic reshuffling mecha-
nisms (recombination, chromosome and gamete assortment) used by sexuals, 
and hence they can establish clonal populations. The role facultative asexual-
ity and genetically highly diverse apomictic populations play in the evolu-
tion of angiosperms is still unclear. Recent studies suggest that most angio-
sperms may be prone to developing apomixis, and that apomixis may play a 
critical role in the evolution of agamic complexes (Carman, 1997; Hörandl & 
Hojsgaard, 2012; Hojsgaard & al., 2014b). Therefore, knowledge of the genomic 
consequences of apomixis can help us to better understand important evolu-
tionary aspects and the dynamism of asexuality in natural populations.

The theoretical meaning of apomixis to plant genome evolution 

Sexuality can result in highly successful gene combinations, but they cannot 
be passed through to the next generation in exactly the same genetic configu-
ration. Accordingly, because of recombination and genetic segregation, dele-
terious mutations appear in various genotypic configurations in the offspring. 
Thus, harmful mutations expressed in homozygous, additive or dominant 

Box 1. Main apomictic developmental pathways: Two main types of apomixis—sporo-
phytic and gametophytic apomixis—can be distinguished depending on whether an 
intermediate (unreduced) gametophytic phase is involved in the development of the 
embryo or not (Asker & Jerling, 1992; Van Dijk, 2009). While sporophytic apomixis 
involves the development of additional embryos out of nucellar or integumentary somatic 
cells, gametophytic apomixis comprises the development of an apomeiotic non-reduced 
embryo sac. Additionally, gametophytic apomixis is further subdivided into diplospory 
and apospory depending on which the cell type forms the non-reduced gametophyte. In 
diplospory the gametophyte is derived from a spore (meiocyte) in which the reductional 
division of meiosis was replaced by a non-reductional one. In apospory, the gametophyte 
is formed by a somatic cell near the female spore (Asker & Jerling, 1992; Van Dijk, 2009). 
Once the unreduced female gametophyte is formed, the egg cell develops into the embryo 
through parthenogenesis (i.e., without fusion with a male gamete); fertilization of the 
central cell of the gametophyte is usually needed for endosperm development and seed 
formation (Asker & Jerling, 1992). 

 Apomictic plants may exhibit incomplete apomixis in some ovules, i.e., apomeiosis 
and parthenogenesis elements are uncoupled (e.g., Dobeš & al., 2013; Hojsgaard & al., 
2013, 2014a). In such cases, an unreduced (apomeiotic) egg cell may have to be fertilized 
to develop into the embryo (2n + n, BIII hybrid), or a reduced (meiotic) egg cell develops 
parthenogenetically into the embryo of the seed (0 + n, (di)haploid). These pathways result 
in ploidy shifts in the offspring and contribute to genomic diversity.
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heterozygous states will negatively affect the fitness of the carrier genotype, 
and then natural selection will act against these genotypes and purge muta-
tions from the population. The evolutionary advantage of purging a lineage 
from mutational load has long been seen as a major advantage of sexual-
ity (Fig. 1A; Muller, 1964; Kondrashov, 1988). Asexually formed organisms 
inherit the same genetic and genomic features of their female parental genome 
by circumventing genetic reshuffling mechanisms. The consequences of the 
absence of standard sexual mechanisms on the elimination of harmful muta-
tions are discussed here under two conditions.

Obligate asexuality. — Without recombination, asexual clones have no 
possibility to eliminate spontaneous mutations. Thus, once a deleterious 
mutation appears in any asexual individual, it will be inherited by all the 
offspring and loaded to the gene pool of that clone (see Fig. 1B). In this way, 
in any segment of a genome without casual recombination, the number of 
random independent mutations is likely to increase (the ratchet mechanism, 
Muller, 1964; the hatchet mechanism, Kondrashov, 1988). Over time, loss of 
genotypes with a lower mutational load via drift will finally lead to extinction 
of the asexual lineage, once a threshold level of mutational load is reached 
(Fig. 1B). Mathematical models and computer simulations have corroborated 
this hypothesis at least for finite populations by predicting that the absence 
of meiotic recombination leads to a gradual accumulation of mutations in 
an irreversible manner (Kimura & al., 1963; Muller, 1964; Felsenstein, 1974). 
Moreover, considering gene pool fragmentation by the absence of gene flow 
and genetic interference effects between loci (Hill-Robertson effect, Hill & 
Robertson, 1966), the relative genetic degradation of diverse clones will rely 
on particular effects of random mutations and the genomic background, and 
hence the relative fitness among single clones can be different. As natural 
selection would not purge the genome of mutations, and genetic drift will 
occasionally eliminate individuals with the smallest number of mutant alleles, 
the long-term accumulation of deleterious mutations will increase the genetic 
load of every clonal lineage, will reduce their fitness and hamper further 
adaptation, driving them to an early extinction (Maynard Smith, 1978; Bell, 
1982; Lynch & al., 1993).

In plants, apomixis is almost exclusively connected with polyploidy, and 
often it is a result of hybridity (e.g., Koch & al., 2003; Paun & al., 2006a; Pellino 
& al., 2013). Polyploidy facilitates mutation accumulation, as selection can 
be relaxed on those extra gene copies that represent additional mutational 
sites compared to those present in a diploid genome. Harmful mutations 
will reduce the mean fitness of a population with the rate of c U, where c is 
the ploidy level and U the mutation rate per haploid genome (Haldane, 1937; 
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Fig. 1. Principles of Muller’s ratchet. A, Scheme of distributions of genome contamination among 
individuals in a sexual population. Before mutation, distribution in the population is p; after 
mutation, distribution shifts upwards to p*. However, as result of recombination and selection 
against mutants, individuals in the grey part remain sterile and die, and the distribution goes 
backwards to p**. Sexuality restores normality. The reduction on contamination depends on 
individuals’ mutational load and the effectiveness of selection, but at equilibrium the means 
of p and p** should be equal. — Redrawn after Kondrashov (1988). B, Scheme of distributions 
of mutational load among individuals in an asexual population. Originally, genotypes with 
zero mutations exist in the population, but because of drift and masking effects they are lost 
over time. Without recombination, mutations accumulate as the class with lower number of 
mutations cannot be re-established. Consequently, selection cannot be effective and hence the 
population will reach a threshold level in the mutational load (arrow) and become extinct if 
mutations are not purged. Shading in B represents an increase in the intensity of selective pres-
sures due to genome contamination. — Redrawn after Maynard Smith (1988).
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Gerstein & Otto, 2009). Thus, polyploids will have a higher absolute num-
ber of mutations. However, in the heterozygous state, mutations may not 
be effective. Already in a diploid organism, the effects of single deleterious 
recessive mutations can be masked by a functional gene copy of the wild or 
dominant allele in the homologous chromosome set (Crow & Kimura, 1970; 
Kondrashov & Crow, 1991; Otto & Whitton, 2000). After a prolonged dip-
loid stage, the return to haploidy (during the formation of the gametophytic 
generation) leads to the expression of accumulated, but previously masked 
deleterious recessive alleles, and selection against those mutations (Crow & 
Kimura, 1970). In a polyploid individual, the masking effect will be stron-
ger since a single dominant allele could mask all gene copies of the multiple 
genome sets. Consequently, masking may initially lead to a temporal advan-
tage in newly formed polyploids because actual fitness will not be reduced 
by mutations, but in the long term, polyploids will have a higher mutational 
load than diploids because mutations cannot be eliminated (Otto & Whitton, 
2000). However, so far few genomic studies are available to understand these 
dynamics in polyploid plants.

Another consequence of long-term asexuality is the so-called Mesel-
son effect (Mark Welch & Meselson, 2000). Apomeiosis impedes breaking 
down successful gene combinations built up by selection, but it also avoids 
random genetic drift and the possibility of natural selection driving neutral 
alleles towards extinction or fixation, promoting the divergence between 
allelic sequences by natural and recurrent mutations (Kimura & Crow, 1964). 
Thus, once sexuality is lost, alleles within each individual and/or lineage 
will start to gain neutral differences in sequence (a process referred to as 
allele sequence divergence—ASD) at a much higher rate than normal substi-
tution rates between alleles in sexual populations (see Fig. 2) (Birky, 1996). 
So far, the presence of elevated genome-wide allele sequence divergence rela-
tive to inter-lineages differences (the so-called “Meselson effect”, or better 
“Meselson-White effect”, see details in Schön & al., 2009a) has been hard 
to demonstrate. First, empirical evidence for intra-individual genetic diver-
gence in asexuals was suggested for ancient asexual bdelloid rotifers (Mark 
Welch & Meselson, 2000), but new studies provided an alternative explana-
tion for the presence of such an effect: bdelloids are degenerate tetraploids 
(perhaps hybrids) which have undergone extensive gene loss after an appar-
ent whole-genome duplication event (Mark Welch & al., 2008, 2009). How-
ever, though ASD may work as a genetic test to confirm ancient asexuality, its 
absence does not necessarily negate it. Convergence processes such as gene 
conversion, mitotic recombination, DNA repair, ploidy reduction, meiotic 
parthenogenesis (automixis), occasional sex, and hybridization can homog-
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enize and reduce or eliminate sequence divergence (e.g., Birky, 1996; Schön 
& Martens, 1998; Schaefer & al., 2006; Liu Q.L. & al., 2007; Mark Welch & 
al., 2008; Flot & al., 2013).

The formation of clonal populations also has important consequences 
when unravelling natural history through phylogenetic relationships. Phy-
logenetic trees are built-up on the premise of shared ancestry and descent 
(Hennig, 1966). However, all sexually formed individuals in a population 
or species are different from each other. They maintain a genetic cohesive-
ness by sharing a common gene pool of independently assorted alleles, 
and a common, reticulate evolutionary history (Simpson, 2010). Individual 
genetic dissimilarities take the form of a complex network integrated in a 
single lineage when reconstructing a species tree, which differentiate from 
other species in the absence of gene flow. This is the basis for resolving 
genealogical relationships and natural history between sexually evolving 
biological species. In clonal populations, in contrast, due to the absence 
of gene flow, every single genotype represents a lineage (Fig. 2). Thus, due 
to allele sequence divergence and mutation accumulation in non-coding 
regions, a group of apomictic clones will represent a branching tree rather 
than a network within each lineage. The likelihood of deciphering the cor-
rect tree topology and divergence time when sequencing single alleles is low, 
and it further decreases the more species are included in the analyses (Birky, 
1996). Even though alleles in a clone can be exact copies of the parental ones 
at the origin of the lineage, they will necessarily diverge while accumulat-
ing random mutations over time. In this sense, in the absence of recombi-
nation, and depending upon the evolutionary time span after the lack of 
meiosis, asexuality would lead to (partially) congruent allelic genealogies, 
or patterns of genomic panvicariance, according to Normark & al. (2003). 
Discerning evolutionary trajectories in such patterns can be a tricky task 
involving many nuclear loci. Until now, such analyses were mainly ham-
pered by the need to find and design species-specific primers for low-copy 
nuclear genes (e.g., Sang, 2002). Therefore, phylogenetic analysis in plants 
often relied on plastid genes or spacers only. Further limitations were the 
high costs of Sanger sequencing when many samples are being analyzed 
(e.g., Liu L. & al., 2012). NGS methods have the potential to mine thousands 
of single nucleotide polymorphisms (SNPs) from the nuclear genome (see, 
e.g., chapters 2 and 3); hence, they can strongly improve phylogenetic reso-
lution and elucidate reticulate evolution (e.g., Pellino & al., 2013).

Facultative asexuality. — The consequences of asexuality for plant 
genome evolution have been discussed by comparing the effects of sexuality 
versus the expected effects of obligate asexuality. However, asexual plants 
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Fig. 2. Effects of reproduction modes on mutations arisen in a hypothetical polyploid lineage 
with 2n = 4 chromosomes after a hybridization event. For simplicity, fixed heterozygosity 
is assumed in the new allopolyploid lineage. A, Without a shift to apomixis, meiosis leads 
to crossovers (CO) and non-crossovers (NCO) between homologs (for further details on 
meiotic pathways see, e.g., Sung & Klein, 2006) and recombination of DNA molecules. A 
single lineage with a common gene pool and evolutionary history is maintained. B, With a 
shift to apomixis and absence of recombination allelic combinations cannot segregate and 
the efficiency of natural selection to purge mutations is limited. Asexual lineages can start 
to diverge immediately after they lack meiosis, gene f low and genetic cohesion. Asterisks 
represent point mutation events.
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usually keep low rates of functional sexuality, and can produce new sexually 
formed individuals that maintain their capacities to produce apomictic and 
sexual offspring (e.g., Daurelio & al., 2004; Paun & al., 2006b; Sartor & al., 
2011; Dobeš & al., 2013; Hojsgaard & al., 2013). This temporary reshuffling 
of genetic material is crucial in the sense that gene flow would reconnect 
previously fragmented gene pools and homogenize evolutionary histories 
by allelic coalescence in sexually formed individuals (Birky, 1996; Ceplitis, 
2003). Thus, residual sexuality can create a partial network among clones, 
which further facilitate discrimination of mentioned evolutionary patterns 
(e.g., Birky, 1996; Daurelio & al., 2004; Paun & al., 2006a, b; Fehrer & al., 
2007; Hörandl & al., 2009). At the same time, such genetic reshuffling will 
segregate gene combinations and facilitate the elimination of masked del-
eterious mutations previously accumulated in the asexual lineage. However, 
the purging of deleterious alleles would only be effective if a sexually derived 
individual carrying a lower mutational load can survive and produce new 
offspring apomictically. Thus, the Muller’s ratchet could be temporarily 
slowed, stopped or even moved back (Fig. 3). 

Although at the gene level asexuality can freeze allelic frequencies and 
decelerate the efficiency of selection and its effects on gene frequencies, math-
ematical modelling suggests that low rates of gene flow (reduced sex either 
due to apomeiosis and/or poor pollen quality) would (1) be enough to keep 
apomictic genetic diversity levels comparable to those in related sexual spe-
cies (Overath & Asmussen, 1998), and (2) would have strong consequences on 
the maintenance and spread of asexual genotypes in contact zones to sexual 
ones (Britton & Mogie 2001; Carrillo & al., 2002). At the sequence level, ASD 
would be reduced or eliminated by homogenizing gene and gametic recombi-
nation, which on the long term could erase Meselson effects. Altogether, the 
levels of sex experienced by an asexual lineage would determine and shape 
their genomic features in the long-term evolution (Fig. 3). Likewise, it is still 
unknown how much facultative sexuality would be required by an apomictic 
lineage to avoid genome-wide mutation accumulation and to escape the con-
sequences of Muller’s ratchet.

A case study from diploid asexuals – the Boechera holboellii complex

Boechera is primarily a North American genus within the cabbage family 
(Brassicaceae) with around 110 species which is characterized by variable 
ploidy and reproductive systems (Al-Shehbaz, 2003; Kiefer & Koch, 2012). The 
genus has had a complex evolutionary history of Pleistocene fragmentation 
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during glaciation and post-glacial colonization, while repeated hybridization 
and radiations that have apparently shaped genetic diversity and distribu-
tion of Boechera species (Dobeš & al., 2004a, b, 2007). Sexual development 
in Boechera is of Polygonum-type, and apomixis is of Taraxacum- type dip-
lospory (i.e., due to extensive asynapsis, reductional phase of meiosis I is not 
completed and then the cell enters the mitosis-like meiosis II division and 
generates two cells with unreduced nuclei, one of which enters gametogen-
esis and develops into an unreduced embryo sac). Diplospory can occur at 
low or high levels of facultativeness, and in some cases obligate, with both 
pollen-dependent and pollen-independent endosperm development (Voigt & 
al., 2007; Aliyu & al., 2010).

Analyses of ASD in cloned and sequenced microsatellite loci demonstrate 
a complex pattern of microsatellite motif and flanking region polymorphisms 

Fig. 3. Hypothetical graphic representation of Muller’s ratchet effects on mutation accu-
mulation under different reproductive systems. Assuming that we start with the same lin-
eage, under sexual reproduction (and panmixis; s), the lineage would randomly accumulate 
neutral mutations along time driving its divergence from other sexual lineages in absence 
of genetic exchange. Under obligate apomixis (a) the same lineage would irreversibly accu-
mulate both neutral and deleterious mutations and reach critical levels of mutational load 
which would undermine lineage’s surviving capacities (dotted line). An asexual lineage 
with recurrent sexuality ( fa) would basically suffer the same consequences. However, 
depending upon the level of sexuality, the mutational load at any time will be lower and the 
fa line would be closer to a or s (grey lines), mutation accumulation would be slowed down 
at variable proportions. Consequently, the evolutionary time needed to reach a certain level 
of mutational load will be prolonged or the critical mutational load never reached. Poly-
ploidy could delay such phases by transitorily masking deleterious mutation phenotypes. 
Shading represents an increase in the mutational load.

Evolutionary time

M
ut

at
io

n 
ac

cu
m

ul
at

io
n

a

fa

s



130

Hojsgaard, Pellino, Sharbel & Hörandl

reflecting duplication and mutation accumulation in apomictic individu-
als (Corral & al., 2009). Within apomicts, a higher number of alleles than 
expected by ploidy were found at different loci (Table 1), and this is consistent 
with copy number variation across the genome (Aliyu & al., 2013). Pairwise 
comparisons among reproductive classes showed higher ASD in apomicts 
compared to sexual individuals (see Table 1). In some cases, alleles from the 
apomictic reproductive classes were clustered together in a pattern suggesting 
tandem duplication events in the apomictic genomes, followed by mutation 
accumulation in both original and duplicated sequences. This explains the 
presence of more alleles than expected from ploidy in certain individuals. The 
hypothesis of duplication and sequence divergence is further supported by a 
high correlation between allelic variability within individuals and number of 
alleles per locus (Table 1; Fig. 4). Genetic divergence between duplicated alleles 
is known to be around 10-fold higher than between alleles of the same locus 
(Mark Welch & al., 2008). Thus, the higher ASD in Boechera apomictic lin-
eages compared to sexual ones could be a consequence of divergence between 
inter-locus (duplicated) alleles rather than between intra-locus alleles, as it 
would be expected from non-recombinant allelic divergence (Meselson effect). 

Table 1. Polymorphisms from eight microsatellite loci among Boechera reproductive classes.

Reproductive  
class N

Average number of alleles 
per holoploid genomea

Median (range)
Dup CVb Medianc K 2-pdCR CR + FR

Diploid sexuals 2 1.68 (1–4) 4 (2–7) 3 0.0–0.288 0.000 0.009e

Diploid apomicts 3 2.67 (1–4) 8 (4–11) 6 0.0–0.404 0.077 0.010
Triploid apomicts 3 3.54 (1–7) 8.5 (5–16) 6 0.0–0.371 0.123 0.011
Adapted from Corral & al. (2009). 

Column headers: N, number of sequenced individuals; CR, number of alleles according to 
the microsatellite’s core region; CR + FR, number of alleles according to microsatellite’s core 
and flanking regions; Dup, number of putative duplicated loci; CV, coefficient of variation; 
K 2-p, Kimura 2-parameter.
a A maximum of two and three alleles should be expected per locus in an holoploid genome 

from a diploid and a triploid individual, respectively.
b Range of CV values for numbers of repeated motifs for intra-locus microsatellites within 

reproductive classes.
c Median values of CV for CR alleles within reproductive classes.
d Average mean intra-individual genetic distance for intra-locus microsatellite flanking re-

gions within reproductive classes.
e Differences influenced largely by a single-locus allelic variation; when this loci is omitted, 

K 2-p value for diploid sexuals is 0.005.
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Together with gene duplication, hybridization can also contribute to the pres-
ence of ASD within an individual. If putative parental taxa of diploid apo-
mict Boechera had species-specific alleles, ASD would result as consequence 
of divergent evolutionary history between species instead of between dupli-
cated loci. In support of this, copy number variation (CNV) sharing between 
sexual and apomictic Boechera lineages implies inheritance of gene duplica-
tion patterns in the sex-apomixis transition (Aliyu & al., 2013). Although a 
half of evaluated loci evidenced the presence of genotype- (species-) specific 
alleles (see details in Corral & al., 2009), the occurrence in most of these loci 
of higher allele numbers than expected by ploidy cannot be explained only by 
hybridization.

Overall, beside no driving mechanism was found to explain DNA sequence 
polymorphisms observed in microsatellite and flanking regions, the complex 
pattern of locus duplication and DNA sequence variation rather support the 
view of Boechera as a dynamic and plastic genome with a multifaceted evolu-
tionary history. Such plasticity is furthermore corroborated by reproductive 
shifts involving global gene expression changes and many loci in the apo-
mictic genome are up-regulated in apomeiotic ovules compared to meiotic 

Fig. 4. Split decomposition network of 15 ADH1 alleles present in Boechera individuals. 
Light blue-grouped alleles were found exclusively in diploid apomict individuals, while grey 
alleles were found only in triploid individuals. The red allele was found in diploid sexual 
and diploid and triploid apomicts. The image represents Boechera spp. apomictic individu-
als. — Modified after Corral & al. (2009).
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ovules (Sharbel & al., 2009, 2010). Even cell-specific transcriptome analysis 
of triploid apomictic Boechera gunnisoniana compared to diploid Arabidopsis 
thaliana using RNA-Seq and Affymetrix GeneChip profiling revealed differ-
ential expression of several regulatory pathways (Schmidt & al., 2014). Addi-
tionally, Boechera’s genome plasticity in reproductive shifts and gene expres-
sion is further sustained by the observed extensive chromosomal variation, 
disturbed meiosis exhibiting a range of chromosomal synapsis potential, and 
aberrant chromosomes in apomicts (Böcher, 1951; Sharbel & Mitchell-Olds, 
2001; Schranz & al., 2005; Dobeš & al., 2004a, b, 2007; Kantama & al., 2007).

A RNA-Seq study on polyploid asexuals – the Ranunculus auricomus 
complex

Ranunculus is the largest genus within Ranunculaceae (buttercup family), 
including around 600 species, diverse ploidy levels, and reproductive systems 
(Emadzade & al., 2010). The R. auricomus complex includes an enormous 
morphological and cytological diversity represented by ca. 800 microspecies 
(Hörandl & Gutermann, 1998a, b) native to the Arctic, the Mediterranean 
regions and western Siberia (Jalas & Suominen, 1989). Most of the species 
in the complex are tetraploid, aposporous and pseudogamous (Rutishauser, 
1954; Rousi, 1956; Izmaiłow, 1965, 1967, 1996; Nogler, 1984), with evidence 
of hybrid origin and a reticulate evolution of apomictic taxa (Hörandl & al., 
2005, 2009). Only four sexual species are known, with R. carpaticola (dip-
loid outcrossing), R. cassubicifolius (diploid and autotetraploid outcrossing), 
and R. notabilis (diploid outcrossing) being the most studied. Phylogenetic 
analyses using isoenzymes, DNA sequencing (ITS and plastid markers) and 
DNA fingerprinting methods (AFLPs, SSRs) revealed that R. carpaticola and 
R. cassubicifolius are closely related sister taxa, and both genetically and mor-
phologically different from R. notabilis (Hörandl & Gutermann, 1998a, b; 
Hörandl, 2004; Paun & al., 2005; Hörandl & al., 2009). Moreover, ancient 
relatives of current diploid sexual R. carpaticola and tetraploid R. cassubici-
folius likely hybridized to originate the widespread natural hexaploid apomic-
tic hybrid R. carpaticola × R. cassubicifolius (Paun & al., 2006a; Hörandl & al., 
2009; Hodač & al., 2014). Sexual development in the R. auricomus aggregate 
is of Polygonum-type, while apomixis is of Hieracium-type apospory (i.e., a 
cell from the nucellar tissue enters gametogenesis and develops an unreduced 
embryo sac). The unreduced egg cell develops parthenogenetically (Nogler, 
1984; Hojsgaard & al., 2014a), but pollen is needed for endosperm fertilization 
(pseudogamy). Sexuals are self-incompatible and have a significantly higher 
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fitness (as measured by seed set) than polyploid apomicts, but the latter are 
self-compatible (Hörandl, 2008).

Mutation accumulation. — Analyses of Muller’s ratchet and ASD in three 
sexual and two apomictic R. auricomus genotypes was carried out on high-
quality SNPs and indels obtained from sequence data generated via RNA-Seq 
(see details in Pellino & al., 2013). In annotated genes whose open reading 
frames could be analysed (n = 1231), ratios of non-synonymous vs. synony-
mous substitutions (dN/dS) were mostly below 1, and did not differ signifi-
cantly between sexual/apomict versus sexual/sexual comparisons (figure 3 in 
Pellino & al., 2013). If deleterious mutations accumulate—a situation expected 
as most mutations in transcriptionally active genomic regions have negative 
effects—they would drive the dN/dS ratio over 1. Results suggested that either 
(1) apomicts are evolutionarily too young to have accumulated significant 
mutations and hence dN/dS ratios are still similar to those in sexual puta-
tive parentals, or (2) that apomicts do not demonstrate genome-wide deleteri-
ous mutation accumulation because purifying selection has eliminated them 
from the lineage. These two factors are not necessarily exclusive. 

On the one hand, the observed number of differentially accumulated het-
erozygous SNPs (mean n = 101; see Table 2 under Age estimation section) 
support the first hypothesis, i.e., the age of apomictic polyploids since the 

Table 2. Age estimation for the differential accumulation of heterozygous single nucleotide 
polymorphisms (i.e., locus with more than one SNP variant) between sexual parental and 
apomictic genomes.
Genotype Na Expected Mb Observed Mc Generationsd Estimated agee

35/28 323,622 0.00425563 112 26,318 78,954
29/15 323,622 0.00425563  90 21,148 63,444

Expanded after Pellino & al. (2013) by using the complete SNP dataset.
a Total number of possible mutational sites evaluated in hexaploid genomes.
b Expected number of mutations/neutral substitutions per base pair per generation consider-

ing a standard substitution rate for nuclear genes in diploid plants (U = 5 × 10−9; Wolfe & 
al., 1989), the total number of possible mutational sites in our sample (N) and a corrected 
ploidy factor of 2.63 (base on the ratio between DNA content of non-replicated holoploid 
genomes of diploid R. carpaticola and hexaploid genotypes, Hörandl & Greilhuber, 2002). 

c Observed mutations according to loci with heterozygous SNPs differentially accumulated in 
apomictic genomes.

d Number of generations needed to reach the observed number of mutations assuming lack of 
meiotic homogenizing mechanisms.

e Based on the number of generations, considering one generation as the time needed for a 
new individual to growth and reach maturity (from seed to flowering stages). In the R. auri-
comus complex species one generation turnover lasts three years.
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hybridization event that originated them has been evolutionary short to accu-
mulate differences in dN/dS ratios when compared to their sexual parental. 
On the other hand, at the same time, data show a relatively small number of 
annotated genes (n = 41) which were significantly enriched for reproductive 
processes during ovule development (table 5 in Pellino & al., 2013). Such genes 
had high dN/dS ratios (>1) and hence appear to be under divergent selection 
compared to those in the sexual genomes, suggesting that meiotic segrega-
tion and purging mechanisms might still be active, supporting the second 
hypothesis. Whether these non-synonymous mutations have positive or nega-
tive effects needs further investigations. 

Indications of purifying selection acting on certain genes point to the 
occurrence of sexual recombinants and purging of less viable individuals 
within the apomictic lineages. Considering the relative high frequencies of 
sexually formed seed with a mean of 29.1% in 6x R. carpaticola × R. cassubici-
folius (Hojsgaard & al., 2014a), and the expected turn-over of individuals 
(recombinant or not) in natural populations, we regard that regular faculta-
tive sexuality (even if residual) might play an important role by providing 
recombination and genetic variation within the asexual population, as it 
would in a natural sexual population. Via recombination, loci carrying reces-
sive (or partial dominant) deleterious mutations heterozygous with the wild 
type allele can become homozygous in the offspring, therefore “unmasked” 
and exposed to selection. Such genotypes would be eliminated by selection, 
and the lineage will consequently be purged from their mutational load, while 
recombinant homozygous or heterozygous genotypes carrying the wild type 
allele would remain in the population. This model, theoretically predicted 
by Hörandl (2009), appears to be acting in gametophytes of Ranunculus as 
the proportion of megaspores appears to be much higher than that of the 
sexually formed seed (Hojsgaard & al., 2014a; Hojsgaard & Hörandl, 2015). 
This mechanism is expected to be even more efficient with inbreeding or 
selfing sexuality (e.g., Agrawal & Chasnow, 2001). Apomictic plants are self-
compatible (Hörandl, 2010), and selfing via self-pollen or pollen from a clone 
mate is the most likely situation. Its main consequence (i.e., an increase in 
homozygosity) will differentially affect the performance of sexual seeds 
and seedlings but not apomictic ones (e.g., Hojsgaard & al., 2013), a condi-
tion to which hexaploid Ranunculus genotypes are exposed (Hörandl, 2008). 
Another mechanism capable of increasing the efficacy of selection would be 
positive epistasis (Kondrashov, 1988). If additional deleterious mutations lead 
to a larger decrease of fitness because of negative interactions of these genes, 
then even truncating selection can act and rapidly eliminate this genotype 
(Kondrashov, 1988). Hence, although some nearly obligate apomictic clones 
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in a population may accumulate mutations for some generations, they will 
continuously be replaced by novel recombinant genotypes with a lower muta-
tional load. Population genetic data on Ranunculus support this hypothesis 
(Paun & al., 2006b). Consequently, Muller’s ratchet is temporarily halted or at 
least slowed down for the lineage as whole (see Fig. 3).

Another variable that could avoid mutation accumulation is a large effec-
tive population size (Kondrashov, 1988) with high migration rates among 
populations (Whitton & al., 2008). Hence genetic variability within popula-
tions can be kept at high levels and selection can act on different genotypes. 
We do not have much information on this aspect, but large geographical 
distribution, abundance of the hexaploid hybrids and indication of migrants 
among populations (see Hörandl & al., 2009) suggest that also this factor 
could contribute to genome evolution in Ranunculus.

Age estimates. — The age of apomictic lineages within the R. auricomus 
complex was estimated using SNPs (Pellino & al., 2013). To identify SNPs that 
originated after hybridization events, we discarded all shared SNPs between 
the putative parental sexual genotypes (i.e., R. carpaticola and R. cassubici-
folius) and the apomictic hybrids (R. carpaticola × R. cassubicifolius). By doing 
so we collected only those polymorphisms that occurred after the last coales-
cent (i.e., sexual event), when the new hybrid was originated and, expectedly, 
started to reproduce asexually. Moreover, as copy number variation could not 
be inferred from the dataset, we considered unique SNPs as fixed, and the 
presence of heterozygous SNPs at one locus (i.e., a sequence contig contain-
ing at least one Open Reading Frame) as indicators of divergent allelic muta-
tions from parental genomes at either of the two hexaploid apomictic lineages 
evaluated. Thus, heterozygous SNPs would reflect a reduction or failure of 
homogenizing meiotic mechanisms (i.e., homolog pairing and recombina-
tion, DNA repair during meiosis). The number of observed mutations must 
be correlated with the time since the last meiotic recombination event. By 
considering standard rates of mutation in nuclear genes, generation times and 
mutational sites available, the approximate age for asexual lineages was esti-
mated (Table 2). Even though we cannot exclude the possibility of an older 
age for the apomictic lineages with present data, we can assume that their 
genomes have gone through variable levels or absent meiosis, recombination 
and gene flow (as compared to their sexual relatives) during the last 60,000 
to 80,000 years (but see Box 2). These results are consistent with the rather 
low genotypic diversity and gene pool fragmentation observed in widespread 
hexaploid apomictic hybrids (Paun & al., 2006b), and our age estimate fits 
general phylogenetic divergence time estimates for the genus and the R. auri-
comus complex (Emadzade & al., 2011). While the divergence time between 



136

Hojsgaard, Pellino, Sharbel & Hörandl

R.  notabilis and R. carpaticola /R. cassubicifolius is calculated to be about 
900,000 years (see Fig. 5), the sexual parents of the apomictic hybrid speciated 
ca. 300,000 years ago (Hörandl, 2004). Ranunculus carpaticola × R. cassubici-
folius lineages originated during the last glaciation in the Pleistocene, which 
further supports the idea that many apomictic polyploid hybrids arose after 
contraction-expansion cycles experienced by sexual lineages during glacial 
and interglacial periods (Van Dijk & Vijverberg, 2005; Hörandl, 2009).

Additionally, age estimates are also in agreement with a hybridization 
network (neighbor net analysis) constructed from a presence/absence trans-
formed matrix of SNP data (for details on coding normal versus heterozygous 
SNPs, indels, and assumptions see Bajgain & al., 2011; Pellino & al., 2013) 
and rooted using R. notabilis (the more distantly related species) (Fig. 5). The 
splits graph shows relationships among the five considered individuals based 
on high-quality SNPs (see Fig. 5), which are similar to previous phyloge-
netic reconstructions based on wide-screening of genetic markers in natural 
R. auri comus populations (Paun & al., 2006a), and display a faster divergence 
of apomictic lineages after their origin compared to the putative parental 
sexuals.

Overall, the data suggest that apomictic polyploid lineages accumulate 
Meselson-effect-like changes in divergent gene copies, with polyploidy likely 
playing a crucial role as multiple mutational sites are potentially “invisible” 
to selection and available per genome. However, the asexual genome does not 

Box 2. Age estimation as a time scale proxy: Molecular age calculations can only be rough 
estimates, and variation can be introduced by many factors: first, genes in our RNA 
dataset apparently did not have a homogeneous substitution rate (see details on dN/dS 
ratios between reproductive classes in Pellino & al., 2013); second, the hexaploids have 
undergone genome downsizing in the total DNA content (Hörandl & Greilhuber, 2002) 
by a factor of 2.63 (according to total DNA content) instead of 3.0 (assumed from 3 times 
the number of chromosomes present in the diploid putative parent). Although hexaploid 
genomes would expectedly have each locus in triplicate, we have so far no information 
whether the observed loss of DNA affected transcriptional sequences (genes) we anal-
ysed. Thus, as the general evidence in other sexual polyploid model systems suggests that 
differential gene loss following polyploidy is a rather common and ubiquitous process 
(reviewed in Adams & Wendel, 2005), we assume this could also be the case in hexaploid 
Ranunculus. Third, a generation time of three years was observed in the experimental 
garden, and can be reduced to two years by optimizing cultivation conditions (E. Hörandl 
& D. Hojsgaard, pers. obs.), but may vary strongly under natural conditions in the field. 
Nevertheless, our age calculation provides a proxy for the time scale (for thousands, hun-
dreds, or millions of year). 
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accumulate non-synonymous mutations compared to the sexual genomes as 
would be expected, indicating that certain level of functional sexuality might 
still be helping selection to purge those mutations. We have no information 
on the effects of these mutations, but strikingly, a small number with elevated 
dN/dS ratios showed GO terms related to sporogenesis and ovule develop-
ment. Hence, these mutations could represent either randomly accumulated 
loss-of-function, subfunctionalization or neofunctionalization mutations of 
meiosis genes, a possibility supported by the presence of multiple gene copies 
in the polyploid genome. Moreover, such mutations are under divergent selec-
tion, and since female meiosis is bypassed in aposporous plants, this could 
suggest an ultimate positive role for neofunctionalization or gain-of-function 
mutations on apomixis. Results provide a starting point for further functional 
studies. 

Scenarios of asexual genome evolution in natural systems

In spite that some methods may not allow for comprehensive analyses deep 
into the evolutionary past of any biological system, the use of multiple 
approaches to evaluate different particularities certainly help to provide a 
more clear view of their natural history. In Table 3 we resume main cytologi-
cal and reproductive features that could modulate genomic evolution in both 
Boechera holboellii and Ranunculus auricomus complexes.

By using homo(di)ploid sexuals and apomicts of Boechera it is not com-
pletely possible to overcome the mentioned genomic effects derived from 
analyses of heteroploid sexual-apomictic taxa like the R. auricomus complex, 
mainly due to the presence of extensive duplication events in apomict Boechera 
genomes (see Aliyu & al., 2013). Thus, duplications could create a polyploid- 
like frame within Boechera’s diploid genomes, hindering possibilities of disen-
tangling the relative impact of polyploidy and hybridity on genome organiza-
tion. Consequently, even though according to Beck & al. (2012) hybridization 
per se could be the main factor driving the shift from sexuality to apomixis 
in diploid apomictic hybrids of Boechera, many asexual diploids seems to be 
likely the product of intra-specific rather than inter-specific crosses (Lovell & 
al., 2013). Hence, hybridization in Boechera is not necessarily a factor deter-
mining or correlated to apomixis, and studies in other apomictic systems 
have shown no evidence of hybridization in the formation of asexual lineages 
(e.g., Pupilli & al., 1997; Hojsgaard & al., 2008). Thus, once activated, quantita-
tive expression of high rates of functional apomixis in Boechera’s ovules could 
be influenced by gene dosage (whether involving duplications or a ploidal 
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change). Different ideas have been elaborated to explain genetic and genomic 
framework responsible for apomixis (e.g., Grimanelli & al., 2001), however, a 
detailed view of such hereditary context still remain unknown.

Another factor that contributes to Boechera’s intricate evolutionary pat-
tern may be related to the relatively young age of the genus. The Ranunculus 
core clade arose during the Eocene/Oligocene (ca. 24 Ma), and diversifica-
tion into main ecological and geographical clades (including agamospermic 
species of R. auricomus complex) took place during the late Miocene (ca. 
11 Ma) (e.g., Paun & al., 2005; Emadzade & al., 2010), without further evi-
dence of accelerated or impeded diversification, e.g., driven by acquisition 
of new ecological traits, during migration to the Arctic areas after intense 
climate changes of the late Pliocene and the Quaternary (Hoffmann & al., 
2010). Species of genus Boechera radiated during the last Pleistocene (2 Ma; 
Schranz & al., 2007), probably following climate change and glacial retreat-
ment. Combined with this, and following the levels of functional reproductive 

Table 3. Comparison of two natural heteroploid complexes with sexual-asexual genetic 
systems.

Boechera holboellii 
(x = 7)a

Ranunculus auricomus 
(x = 8)b

Type of embryo sac development diplospory apospory

Pollen-dependence autonomous and 
pseudogamous

pseudogamy

Ploidy levels of sexuals 2x 2x, 4x

Ploidy levels of apomicts 2x, 3x, (4x)c (3x), 4x, (5x), 6xc

Facultative sexuality in diploids 1%–99% 0%–4%

Facultative sexuality in polyploids 0% 4.0%–29.1% (means)

Genome size (1C), in pg DNA in diploids 0.24 3.06

Hybrid origin of apomicts Possibly in 2x (see 
Lovell & al., 2013),  
yes in 3x

yes

Phylogenetic shifts to apomixis multiple times single origin

Age of apo lineages ? ≈60,000–80,000 years
a Data after Lysak & al. (2009); Aliyu & al. (2010).
b Data after Hörandl & Greilhuber (2002), Paun & al. (2006a), Pellino & al. (2013) and 

Hojsgaard & al. (2014a). 
c Naturally rare (or experimentally observed) ploidy levels are in brackets (Dobeš & al., 2006; 

Warwick & Al-Shehbaz, 2006; Hörandl & al., 2009; Hojsgaard & al., 2014a).
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pathways, Boechera has a much higher level of obligate apomixis compared 
to Ranunculus (Table 3) which implies that genes coalesce through meiosis 
and potential purging effects of facultative sexuality are much less frequent 
but not absent. Even under obligate apomixis, production of reduced pollen 
(Mau & al., 2013) may facilitate outcrossing and formation of new apomictic 
cytotypes (see, for example, Lovell & al., 2013). In such frame, the data suggest 
that Boechera may still be under a dynamic process of radiation and expan-
sion, exploiting advantages of facultative apomixis and the ability to outcross 
(i.e., introgress into new sexual genetic backgrounds) to expand their range 
and occupy different niches, which would contribute to the complex pattern 
of DNA sequence variation observed in species of the B. holboellii complex 
(e.g., multiple alleles at a single locus followed by duplication and mutational 
divergence; Dobeš & al., 2007; Corral & al., 2009). Similarly, levels of recur-
rent sexuality in apomicts of the Ranunculus auricomus complex introduced 
apparently enough recombination to refurbish their genetic background. Yet, 
the high ploidy levels (6x) of facultative apomictic Ranunculus analysed sug-
gest that masking effects might be stronger than in Boechera (2x, 3x), or alter-
natively a different mode of polyploidization. Consequently, selection against 
deleterious mutations in Boechera may act more efficiently despite lower levels 
of residual sexuality. Data on genome-wide mutation accumulation, however, 
are so far missing. In Ranunculus, the maintenance of a pollen function which 
is needed for pseudogamy, and self-fertility (Hörandl, 2008) together with 
regular genomic coalescence determined by low-medium frequencies of fac-
ultative sexuality could enhance purifying selection and counteract genome-
wide mutation accumulation.

Future perspectives for evaluating sexual / asexual evolution in natural 
plant systems using next-generation sequencing technologies

The advent of next-generation sequencing is dramatically changing all fields 
in biology. Comparative sequencing of many individual genomes is becoming 
ever more feasible, making conceivable detailed dissections of basic cellular 
and developmental processes, as well as genomic insights into natural varia-
tion and ecological adaptation of traditional models and non-model systems 
(e.g., Stapley & al., 2010; Ekblom & Galindo, 2011; Rice & al., 2011; Van Dijk 
& al., 2014). NGS technologies have reached the labs of systematists and evo-
lutionary biologists working with non-model organisms, including apomictic 
plants. Since huge amounts of sequence data can be generated through NGS 
technology, one of the main problems related to its use is the selection of an 
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appropriate sample and study design to provide new biological understand-
ings on a specific question or topic (Tautz & al., 2010). Here we briefly review 
a few features and potential operational disadvantages inherent to the analysis 
of asexual (polyploid) plant genomes. 

Analysis of non-model plants. — While many sexual crop plants and model 
organisms are available to comparatively analyse genome evolution among 
sexual systems (e.g., rice, wheat, tobacco, tomato, Arabidopsis spp., Brassica 
napus; e.g., Paterson & al., 2010; Proost & al., 2011; Hollister, 2014), the rather 
low frequencies of apomictic plants (Carman, 1997; Hojsgaard & al., 2014b) 
limit comparative studies between asexual systems and further constrain the 
identification of shared genome-scale processes modulating the evolution of 
asexual genomes. 

Tissue-specificity constraint. — From an evolutionary point of view, asex-
uality in plants is not yet a hot research topic as it is in animals (see, for 
example, Suomalainen & al., 1987; Judson & Normark, 1996; Schön & al., 
2009b). The research interest in apomixis is mainly driven by the potential 
benefits of agricultural applications. Hence, most research projects focus 
directly or indirectly on understanding the development of plant reproduc-
tive tissues, and on genetic factors controlling apomixis. In this context, 
a general tissue-specificity bias could be present when analysing genomic 
data (e.g., expression patterns, gene variation) and making evolutionary 
inferences.

Understanding polyploidy. — The majority of apomictic plants are poly-
ploids and, when present, con-specific obligate sexuals have often a lower 
ploidy (usually diploids). Comparative sexual-asexual plant systems are fre-
quently heteroploid. Thus, it is a major challenge in genome analysis to disen-
tangle the effects of polyploidy from those of asexuality. Polyploidy by itself 
impacts genome organization, gene expression and biological networks via 
genomic rearrangements (e.g., chromosome loss, chromosomal translocation), 
gene loss (through deletion or pseudogenization) or divergence (through sub-
functionalization or neofunctionalization) between homeologous gene cop-
ies, gene fractionation (i.e., gene loss in a parent-of-origin manner), changes 
in gene order, and gene function (e.g., driven by proliferation of transposable 
elements; reviewed in Moghe & Shiu, 2014). Thus, analyses of asexual genome 
evolution in comparison to sexual relatives in heteroploid systems are influ-
enced by ploidy differences. Moreover, the presence of multiple copies of the 
same locus derived from multiple genome sets in polyploid organisms may 
lead to sequence artifacts and errors due to low coverage and variable-length 
reads, non-target amplification, insertion-deletion errors, inadequate cluster-
ing (Dickie, 2010; Huse & al., 2010) and chimeric sequences (Gonzalez & al., 
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2005; Jumpponen & Johnson, 2005). Such structural aspects of genome orga-
nization will certainly impact not only data generation (e.g., multiple gene 
copies would not be easily identified) but also other NGS application steps 
including, for example, de novo assembly. 

Hybridity. — Since many apomictic plants are polyploid hybrids, genome 
comparisons should be made against both putative parental species. Thus, 
two sets of alleles will be present in the polyploid apomict hybrid, showing 
different parental specificity. The level of divergence between alleles carried 
by asexual (hybrid) plants and those carried by sexual (parental) plants will 
strongly depend on the time since the last coalescent event (the hybridization 
event) and the relative action of mechanisms potentially involved in the main-
tenance of the asexual lineage (e.g., gene conversion, DNA repair, mutation 
accumulation, etc.).

Individuals or populations? — In cases of analyses of facultative asexuality, 
population sampling would elucidate both variation and the process itself. 
Thus, on the one hand transcriptome or whole-genome sequencing studies 
on apomicts based on few samples will provide genomic information on traits 
and their control mechanisms. On the other hand, extensive population anal-
yses of specific variable biological processes (e.g., megagametogenesis during 
ovule development) are needed. Here NGS methods offer a broad range of 
novel methods: restriction enzyme–based methods like GBS (genotyping-
by-sequencing) and RADseq (restriction site associated DNA sequencing) 
have the potential to reduce genomic complexity to a subset of fragments 
(e.g., Davey & Blaxter, 2011; McCormack & al., 2013; see also chapter 6). By 
mining thousands of SNPs as markers, the assessment of genetic diversity, 
population genetic analysis and progeny arrays will be a magnitude more reli-
able than before. Although assembly of whole-genome sequence data has an 
inherent “haplotype assembly” problem (i.e., the problem of assembling the 
collection of reads, or fragments, and their positions into two haplotypes for 
a certain chromosome), assessing SNP phase is computationally difficult, but 
not impossible; e.g., the HapCUT algorithm; Bansal & Bafna, 2008; He & al., 
2010). If an annotated reference genome is available, then even gene mapping 
and annotation of fragments is possible, which will give insights into variation 
and enrichment of SNPs at certain target loci. Further applications are mining 
of microsatellite markers out of NGS data (see chapter 7). 

Method of choice. — Of the many methods of sample preparation for NGS 
(e.g., McCormack & al., 2013), transcriptome sequencing (RNA-Seq) collects 
only the subset of DNA that contains expressed genes. As implied in Tissue-
specificity constraint, transcriptome sequencing is the method of choice to 
analyse apomictic systems. The main advantages of using RNA-Seq to analyse 
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genome evolution in non-model asexual polyploid organisms include (1) the 
consideration of mainly non-redundant genetic sites that are subject to natural 
selection, and (2) DNA sequences can be unambiguously mapped to unique 
regions of the genome (Wang & al., 2009), both crucial points for dealing with 
multiple gene copies in heteroploid sexual-asexual plant systems. Moreover, 
allelic expression at one locus between diploids and polyploids can expectedly 
be altered by genetic divergence of hybrid genomes. In hetero(poly)ploid sys-
tems, differential expression of homeologous gene copies has been observed 
(e.g., Adams, 2007; Higgins & al., 2012; Ilut & al., 2012; Akama & al., 2014; 
see also chapter 3). The normalization step is essential to ensure comprehen-
sive expression levels, including transcripts from low expressed genes from 
RNA-Seq data within samples, while non-normalized libraries reveal mainly 
highly expressed genes (e.g., Oshlack & al., 2010; Ward & al., 2012; Dillies & 
al., 2013). In Boechera, transcriptome sequencing with the Illumina technol-
ogy was used successfully to create a reference transcriptome of annotated 
genes, which helped to understand global and cell-specific gene expression 
patterns via microarrays (Schmidt & al., 2014). Gene annotation was success-
ful in this study with the availability of a completely sequenced, closely related 
reference genome of Arabidopsis thaliana, while in Ranunculus only about a 
third of contigs could be annotated (Pellino & al., 2013). A major disadvantage 
of RNA-Seq, however, is that mutations in promoter regions, which may have 
strong effects on gene expression and thus on functionality of genes, are not 
detected.

Conclusion

Although the predicted genomic effects of the lack of sex and recombina-
tion on genome evolution have been reviewed elsewhere based on data from 
eukaryotes like bdelloid rotifers, Darwinulid ostracods, and mycorrhizal 
fungi (e.g., Normark & al., 2003), we are now starting to get an overview of 
the molecular and genetic long-term consequences of asexuality in plants.

In spite of the use of floral-specific tissues, the huge amount of data gen-
erated eliminate or at least reduce any tissue-specificity bias in comparative 
analyses of gene expression and sequence divergences in sexual and asexual 
genomes, making the resolution of evolutionary patterns possible. More-
over, the type of marker used may also influence the capacities of resolv-
ing evolutionary patterns according to each particular evolutionary context 
(e.g., type of apomixis, number of phylogenetic shifts, etc.). Thus, the use 
of a molecular marker of single origin and potentially subject to selective 
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forces (e.g., SNPs due to point mutation changes in transcriptionally active 
sequences) may be preferable rather than a neutral marker of complex origin 
(e.g., SSRs in non-transcriptional sequences which have a complex source of 
variation and dynamic behavior, as for example, rates of replication slippage 
vary according the size of the SSR repeat unit; e.g., Kruglyak & al., 1998; 
Schlötterer, 2000).

Although hybridization is a critical factor triggering reproductive shifts 
in many angiosperms, including both Boechera and Ranunculus aggregates 
here evaluated, polyploidy (or polyploid-like backgrounds) is the cause shared 
among apomicts in both polyploid complexes and common to all apomic-
tic systems. Hence, polyploidy and gene-dosage effects seems to be the most 
critical factor causally related to the appearance of apomixis in plants, not 
only by influencing gene expression patterns but mainly because it can relax 
selective forces and facilitate allelic divergence needed for the evolution of 
alternative gene functions that can be selected for during stabilization and 
establishment of post-polyploidization meiotic and apomeiotic reproduc-
tive pathways. Next, the selection of facultative rather than obligate apomicts 
would have an important role increasing the survival capacities of plant lin-
eages and a greater impact on shaping their genomes. Low to medium levels 
of recombination could slow down mutation accumulation and homogenize 
sequence divergence. However, beside theoretical models suggest that a low 
rate of sexuality is enough to keep gene frequencies in equilibrium (Ceplitis, 
2003), the extent to which residual sexuality shape asexual genomes by, for 
example, purging accumulated deleterious mutations is still an open question.
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