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Abstract
Sex is considerably more costly for an organism than clonal 
reproduction. How it conveys sufficient benefits to outweigh 
this cost remains unclear. One of the main arguments that 
such benefits exist is the wide distribution of sex and the short 
evolutionary lifespan of asexual lineages. However, too little 
is known about the reproductive biology of microorganisms 
to be certain that sex is wide-spread among them. Among the 
epichloë endophytes the ability to carry out sexual reproduction 
is frequently lost, and closely related sexual and asexual lineages 
can be readily collected. This offers an opportunity to test if 
asexual endophyte lineages have a shorter lifespan than sexual 
lineages, which would indicate that sex conveys advantages to 
epichloë endophytes. Using a novel phylogeny-based statistical 
approach, we found strong evidence that asexual endophyte 
lineages are short-lived compared to sexual lineages.
Keywords: sex, clonal reproduction, evolutionary  
biology, ecology

Introduction
Why sex ever evolved and has survived as a reproductive 
strategy remains one of the great mysteries of biology. It is well 
established that sex is more costly than clonal reproduction. 
How it conveys sufficient benefits to outweigh this cost remains 
unclear. Attempts to answer this question have merely confirmed 
that sex is costly and that even the mixing of genetic material, 
proposed as its main compensating benefit, is detrimental in 
most situations (Goddard et al. 2005; Otto & Lenormand 2002;  
Rice 2002). 

Nevertheless, biologists generally consider sex to be superior 
to clonal reproduction, because it is wide-spread, and because 
asexual lineages are usually short-lived (Otto & Lenormand 
2002; Rice 2002). However, this conclusion is based largely on 
macroscopic species –plants and animals- with comparatively 
small population sizes. Our knowledge of the reproductive 
strategies of microscopic organisms is scant, and some of them 
are believed to have survived for long periods without sex, such 
as the Glomales (arbuscular mycorrhizal fungi) and the bdelloid 
rotifers (bacterial unidirectional transfer of genetic material 
is a form of sex, and thus bacteria are not necessarily clonal 
organisms) (Carlile et al. 2001; Goddard et al. 2005; Maynard 
Smith et al. 1993; Otto & Lenormand 2002; Purvis & Hector 
2000; Rice 2002; Tibayrenc 1999; Welch & Meselson 2000). It is 
thus still an open question if sex is universally widespread and if 
asexual lineages are generally short-lived. 

Among the fungal epichloë endophytes of grasses asexual 
reproduction is wide-spread, suggesting that it conveys advantages 
over sex at least in the short term, although many instances of 
hybridisation among asexual species suggest that rare exchange 
of genetic material may benefit these otherwise asexual lineages 
(Moon et al. 2004). However, it has not yet been rigorously tested 
if endophytes can survive in the long run (on an evolutionary 
scale) without sex or hybridisation. This paper describes an 
investigation into the long-tem survival of asexual endophytes. 

Methods 
In all, 32 tefA and 33 tubB sequences were selected from a larger 
dataset (Gentile et al. 2005; Moon et al. 2004) to create a data set 
for each gene with no identified hybrids and only one instance of 
each species (Table 1; where the level of divergence between two 
taxa that were supposedly of the same species was higher than 
that between pairs of taxa in different species taxa, the divergent 
sequences were retained). Phylogenetic analysis was carried out 
using MrBayes (version 3.1.2) to sample from the space of all 
possible trees in proportion to their probability given the data. 
The trees were forced to be clock-like, so that the distance from 
the root to the tip was equal for all taxa. The software was run 
for 150 000 generations and a tree was sampled every 100th 
generation. The first 200 sampled trees were discarded as part 
of the burn-in, resulting in a sample of 2 600 trees for each gene. 
For each tree we inferred the state – sexual or asexual - at the 
internal nodes by assigning any internal node with two asexual 
descendents the asexual state and any other internal node the 
sexual state. Then for each asexual species in each of the 2 600 
trees we calculated the distance to the most ancient ancestral node 
that can be reached by a path that never passes through a sexual 
node plus half the branch length of the branch leading to the first 
sexual ancestor. To find the null distribution of this statistic, we 
used a permutation test that randomly allocated the asexual and 
sexual states to each species, and for each random allocation, we 
recalculated the test statistic.

Results 
To determine if asexual endophytes survive for as long as sexual 
species, we wanted to use evolutionary trees in which we would 
determine how far back in time we can trace asexual ancestors of 
extant asexual species. We can calculate the time of survival of an 
asexual lineage as the time that has elapsed between the present 
and the time of existence of its most ancient asexual ancestor, 
connected to the extant strains by an unbroken series of asexual 
intermediates. The ancestor and intermediates themselves may 
be extinct, but we can infer their reproductive mode sexual 
or asexual from the tree: it seems reasonable to assume that 
accumulation of multiple mutations in the sexual machinery 
following the initial loss of a sexual cycle would make it very 
difficult to restore sex - reversion of each of these mutations 
would in itself not reconstitute a sexual cycle and would not 
convey a selective advantage. Therefore, we can assume that 
all branch-points in a tree which lead only to extant asexual 
species represent asexual ancestors. In contrast, all branch-points 
that lead to extant sexual species or to both asexual and sexual 
species represent sexual ancestors (Fig. 1). We can then compare 
these survival times to the time of survival of sexual lineages. 
However we cannot do this directly because sex is ancient (Otto 
& Lenormand 2002; Rice 2002) and the oldest ancestor of all 
extant endophyte lineages is therefore sexual. Because of this, 
sexual lineages should on average have a longer lifespan, even 
if the chances of survival of a lineage, once sex has been lost, is 
equal to that of a sexual lineage. To overcome this problem we 
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used permutation; i.e. we compared the survival times of asexual 
lineages with those of ‘asexual lineages’ in trees in which we 
randomly assigned presence or absence of a sexual cycle to the 
extant species. If asexual lineages are not shorter-lived than 
sexual lineages, survival times of the real asexual lineages should 
be similar to those of the ‘asexual lineages’ in the permutation 
trees, because the latter ‘asexual lineages’ are in reality a mix of 
sexual and asexual lineages. 

The phylogenetic trees were generated from tubB and tefA 
sequences of 13 asexual and 20 sexual species (Table 1). 
Because hybrid species are asexual but have undergone at least 
one recombination event, they were excluded from the current 
analysis. Phylogenetic trees can be inaccurate in displaying 
phylogenetic relationships; often there is no tree that perfectly 
reflects the relationships, and often several alternative trees 
display relationships equally well; using only one single tree 
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for this analysis could lead to misleading results.  We therefore 
used software that generates a large number of trees and retains 
trees in proportion to how well they fit the data (see Methods), 
to generate 2 600 trees based on each gene. Figure 2 shows a 
consensus network (Holland et al. 2005) in which conflicts in the 
relationships between species in multiple trees are highlighted, 
by showing alternative possible branching orders occurring in 
more than 10% of all trees. Such conflicts were rare and limited 
in the trees we generated.

Figure 3 shows the average survival times (as number of 
nucleotide substitutions) of asexual lineages in the tefA trees (Fig. 
3a) and the tubB trees (Fig. 3b) as a box and whisker plot, and 
the distribution of average survival times of ‘asexual lineages’ 
in 100 sets of permutations; i.e., survival times calculated after 
randomly assigning absence of a sexual cycle to extant species 

used (the ratio of asexual to sexual species was kept identical 
to that in the original data set). In both cases the survival times 
of the real asexual lineages were outside the range of survival 
times of ‘asexual lineages’ in permutated trees. Since the latter 
survival times include sexual species, we can conclude that 
asexual endophyte species survive for significantly shorter times 
than sexual species. 

Discussion
Our data support the notion that absence of a sexual cycle, while 
possibly providing a short-term advantage, decreases the chance 
of survival in the long run, as has been observed in many other 
species (Rice 2002). We found no overlap between the survival 
time of asexuals and that of the species randomly selected in the 
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permutation test. However, there are a number of factors, which 
could affect our results. Firstly there are different algorithms that 
can be used to generate trees and times of divergence, and other 
algorithms would have given different times and trees. Secondly 
the trees reflect only the evolutionary histories of tubB and tefA 
genes rather than of entire genomes. The trees are thus imperfect 
indicators of species age. Thirdly sampling bias could influence 
our results. Finally, different rates of nucleotide substitution in 
sexual and asexual species this would also affect the results. If 
clonal lineages had lower rates then we would underestimate their 
survival time. We can currently not exclude that these problems 
might affect our analysis. For the first and second factor there is 
no good reason to believe that they would act in a way so as to 
bias our analysis sufficiently so as to alter the relative differences 
between asexual and sexual lineage survival times. Future work 
will determine the possible magnitude of the bias caused by the 
third and fourth factors. 

The exclusion of hybrid species is a shortcoming of the present 
analysis, which we hope to overcome in the future, because 
non-hybrid asexual endophytes are the exception rather than the 
norm (Moon et al. 2004). It must be borne in mind though that 
our assessment of non-hybrid status of a species is based on a 
very small number of genes, and it is conceivable that some of 
the asexual species we analysed are indeed hybrids. If so, the 
survival times of asexual lineages in our analysis may include 
some lineages that have undergone some exchange of genetic 
material. The fact that we nevertheless find a shorter survival time 
for asexual species strengthens the conclusion that exchange of 
genetic material is important for survival of endophyte lineages.   
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