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Abstract Here we review the literature on sexual lability in dioecious angiosperm species with well-studied
sex chromosomes. We distinguish three types of departures from strict dioecy, concerning either a minority
of flowers in some individuals (leakiness) or the entire individual, which can constantly be bisexual or change
sex. We found that for only four of the 22 species studied, reports of lability are lacking. The occurrence
of lability is only weakly related to sex chromosome characteristics (number of sex-linked genes, age of the
non-recombining region). These results contradict the naive idea that lability is an indication of the absence or
the recent evolution of sex chromosomes, and thereby contribute to a growing consensus that sex chromosomes
do not necessarily fix sex determination once and for all. We discuss some implications of these findings for the
evolution of sex chromosomes, and suggest that more species with well-characterized lability should be studied
with genomic data and tools.

1 Introduction

About 5 to 6 % (more than 15000 species) of flowering plants are dioecious, meaning they have separate female
and male individuals [1]. Currently, sex-determining systems are known for less than 100 species, mostly
through the discovery of sex chromosomes [cf 2-5]. Dioecy, and therefore sex chromosomes, evolved many times
independently in the angiosperms.

The knowledge about sex chromosomes in plants is still scarce: fewer than 30 species have been studied in
detail with genomic data [see reviews 4-6]. Most described chromosome systems are of the XY type (male
heterogamety), but some species have ZW type chromosomes (with female heterogamety). It is thought that
the evolution of sex chromosomes starts with a small sex-determining region on a chromosome pair, from which
recombination suppression spreads to a larger part of the chromosomes. Initially, the YY or WW genotypes are
viable (although they might be infertile). The non-recombining region of the Y or W chromosome is expected to
degenerate through the reduced efficacy of selection, which leads to an accumulation of deleterious mutations and
transposable elements. Transposable elements might initially cause these chromosomes to grow in size (which
seems to be specific to plants), but at later stages, non-functional genes can be lost, leading to a decrease in
size and maybe even to the loss of the entire Y or W chromosome.

Recent genomic studies have shown that not all plant sex chromosomes follow similar evolutionary trajector-
ies [cf 5, 7]. Among the most striking observations is that some relatively recently evolved sex chromosomes have
large non-recombining regions and strong chromosome heteromorphy (e.g. Silene latifolia, Coccinia grandis)
whereas some older systems have homomorphic sex chromosomes with small non-recombining regions (e.g.
Diospyros lotus, Vitis vinifera). The process that causes recombination suppression to spread (e.g. interference
of the sex-determining genes creating infertile individuals, sexually antagonistic selection) is not yet clear [7, §|.
Reports of genetic sex determination remain rare compared to the total number of dioecious species, but this
is mostly attributed to the difficulty of detecting sex chromosomes, especially if they are of recent origin [3, 6].
Thus, it is suspected that many more species with genetic sex determination will be described as sequencing
techniques continue to improve.

Environmental sex determination is less well known in plants. Note that this term is used differently in plants
and in animals. In vertebrates, by far the best-studied group, sex is often fixed during their lifetime, thus the
influence of the environment occurs at a specific period early in development (although sex changes within an
individual’s lifetime are documented in fish [9]). In plants, the organs for sexual reproduction are produced anew
in each flower (or similar structure), thus allowing more flexibility [10]. Some striking examples of sex change
in plants, also called “sex choice” or “gender diphasy”, have been documented [11, 12], for example in Arisaema
and Gurania, which change sex according to their size. As their size depends on the growing conditions,
this can be termed environmental sex determination [10]. It is considered evidence for the absence of genetic
sex determination; indeed, in species in which all individuals change sex, no genetically based dimorphism is



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

20

91

92

93

94

95

926

97

supposed. Lloyd and Bawa [11] considered the possibility that sex choice might occur in sexually dimorphic
species, but concluded that the evidence is weak.

As can be inferred from previous reviews [11-14], variation in sex expression most often concerns a few
individuals in a population or a few flowers on a plant. Such variation might be fixed (i.e. some individuals
have different patterns of sex expression than the majority) or variable (different patterns of sex expression occur
every now and then). In both cases, the plants are able to produce flowers of the sex they normally don’t produce.
This lability has sometimes been considered a sign for weak genetic differentiation between the sexes [e.g. 5.
Indeed, the main hypothesis for the expansion of sex-linked non-recombining regions has been the accumulation
of genes with sex-antagonistic effects [15] [but see 16]. Such genes are thought to increase specialization in one
of the sexual functions (female or male) and to confer less fitness, or even sterility, to intermediate phenotypes.
Thus, well-differentiated sex chromosomes have sometimes been regarded as an example of irreversible evolution
[17] or “evolutionary traps” [9]. The existence of deviations from the purely female and purely male individuals
is sometimes classed as “subdioecy”, a transitory state between hermaphroditism (monocliny) and “full dioecy”
[e.g. 18-20].

While reviews on sex changes or other forms of labile sex expression exist and have noted that some species
with sex chromosomes display lability [13, 14], more sex chromosomes have been discovered and have been stud-
ied with genomic data since their publication. Here we compile data on lability in species with sex chromosomes
for which there are estimates of the number of sex-linked genes and the age of these chromosomes. We show
that lability occurs in almost all species investigated, and test whether the occurrence of lability is related to
the characteristics of their sex chromosomes.

2 Methods

2.1 Terminology and classification of sexual lability

In the strict sense, sexual lability refers to the variation of sex expression in time. It has been known at least
since the early 20" century, under many names: sex change [21], sex reversal [22], sex choice [11], sequential
hermaphroditism [14], among others. The term “leaky dioecy” was coined by Baker and Cox [23] to indicate “the
condition that prevails where hermaphroditism or bisexuality occurs at low levels in populations of otherwise
dioecious species”. According to this definition, leaky dioecy includes trioecious species [24], in which male,
female and cosexual (usually monoclinous) individuals coexist in the same population. This is however not the
sense that most authors nowadays tend to give to the term leakiness [e.g. 25], as it is considered similar to
“Inconstancy” [26]; Cronk [10], in this issue, prefers to use the almost forgotten term “pleogamy”.

While sexual lability (in the strict sense), leaky dioecy, and trioecy refer to different aspects of sexual
expression in plants, they are difficult to separate in practice for two reasons. First, in many cases only a static
picture of the sex ratio is available for a given population. Second, sex change often involves bisexual stages,
and not simply switches from male to female or vice versa [27]. This means that at a given time, more than
two sexual forms may be present in the population of sex-changing species. Therefore, some claims of leaky
dioecy, subdioecy or trioecy based on a snapshot of sex expression in a population could be cases of sex change.
In addition, as we will show below, plant species can exhibit both sex change and leaky dioecy. In this review,
we have adopted a broad definition of sexual lability that includes leaky dioecy and trioecy as special cases, for
which sex expression does not necessarily vary in time.

Table 1 is an attempt to classify the different forms of lability that are observed in dioecious plants. Note
that this classification is purely based on the observed phenotypic variation, and does not use any knowledge
about the possible mechanisms of lability, which are unknown in the vast majority of cases. We chose to
separate leakiness and trioecy by reserving the latter term to cases in which individuals are fully monoclinous
or monoecious. Leakiness indicates the presence of a minority of aberrant flowers in an individual, which can
thus still be considered mostly female or male. To subdivide the major types of lability, we use the classical
terms of sexual systems to indicate the phenotype of the aberrant individuals [cf 1], although some prefer to
reserve these terms for use at the population-level only [10].

2.2 Sex chromosome data

We gathered information about sexual lability for species in which the sex chromosomes have been studied with
genomic data. Information about many of these species was recently compiled by Renner and Miiller [5], and
we added a few corrections and species, notably those for which no chromosome-level assembly was available.
We included species studied with transcriptomic data, but results from low-density genetic maps were not used,
nor approaches using RADseq or similar data, because in the absence of a well-assembled genome, they do not
permit an estimation of the total number of sex-linked genes.

The original studies of sex chromosomes use different methods to calculate the number of genes in the
non-recombining region. All methods have performance limits, but almost no study seeks to quantify the false



Table 1: Classification of types of lability in dioecious species. The terms “aberrant flowers” and “aberrant
individuals” refer to the deviations from strict dioecy.
F f T 1 variati
- Sex of aberrant Sex of aberrant requency o aberrant shpora Yar%a‘?lon ,
Lability type . . . flowers in aberrant within an individual’s
individuals flowers 1. cr o
individuals lifetime

Monoecious Female or male
Gynomonoecious Hermaphrodite — Low (< 50%, usually

Leakiness Andromonoecious Hermaphrodite < 10%) Possibly
Female or male
Trimonoecious plus
hermaphrodite
. Monoclinous Hermaphroditic ~ (almost) 100% o
Trioecy Monoecious Female or male Similar proportions No (or very limited)
Female or male  Female or male .
Sex change (sequentially) (sequentially) (almost) 100% Yes (by definition)

discovery rate and the miss rate. Furthermore, some rely on well-assembled genomes, others on de novo as-
semblies with more uncertainties; coverage-based methods more easily recover Y- or W-specific genes, while
methods using segregating alleles perform better on XY or ZW gametologs. We chose to use point estim-
ates of the numbers of sex-linked genes and the ages of the sex chromosomes, as the variation among species
(approximately two orders of magnitude) is much larger than the confidence intervals per species.

2.3 Data on lability

Evidence of departure from strict dioecy was obtained from a review of the literature on reproductive biology
of the species selected according to the criteria mentioned above. In some cases, lability has been explicitly
reported. In other cases, this information was retrieved from sources documenting taxonomy, sexual system, sex
determination mechanisms, teratology in flowers, population sex ratio, or reproductive success within and among
reproductive events. We documented all the types of lability reported for each species but not all the references
of lability per species. We also documented whether cases of lability were present in other species of the same
genus. We have mainly restricted our review to cases of naturally occurring lability, or observations in cultivated
plants that were exposed to nearly natural conditions (notably excluding the application of hormones).

Whenever available, the sex of the aberrant flowers was scored, as well as the direction of sex change, the
resulting sex of the individuals (monoclinous, monoecious, gynomonoecious or andromonoecious), the frequency
of the aberrant individuals, and the viability of the aberrant flowers (whether pollen was viable or viable seeds
were produced).

2.4 Statistical analyses

Prior to the analysis, we merged closely related species to avoid phylogenetic biases: Silene otites and S.
pseudotites, the Populus species, and the Saliz species. These species did not differ in observed lability; for
the sex chromosome characteristics, the average value was taken into account in the analysis. We used two
statistical tests to assess the effect of sex chromosome characteristics on the presence or absence of the different
types of lability: Wilcoxon’s rank sum test and binomial regression using a Generalized Linear Model (GLM).
For the binomial regression, we used the presence or absence of the three types of lability, and the presence
of absence of any kind of lability. There is only a relatively small number of species with well-described sex
chromosomes, so we performed a power analysis to test the robustness of our results. Full descriptions of the
GLM and the power analysis are provided in Supplementary File 1.

3 Results

Information about the presence or absence of the types of lability is shown in Table 2. No lability has been
reported for Actinidia chinensis, Diospyros lotus, Saliz viminalis and S. purpurea. but there are reports of
lability for other species occurring in the same genera: Actinidia deliciosa (28|, Diospyros kaki [29] and D.
egrettarum [30], and many Saliz species ([31]; see Supplementary Table 1). Fourteen species show more than
one type of lability, and four show all kinds of lability.

In the species studied, the non-recombining regions of the sex chromosomes have between seven (Fragaria
chiloensis) and 1600 genes (Cannabis sativa, Rumex hastatulus; Supplementary Table 2), but it should be noted
that the highest estimates come from studies using transcriptome data, which likely represent only a proportion
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Figure 1: Presence or absence of the different types of sexual lability in species with well-characterized sex
chromosomes. For each species, the circles show whether the type of lability has been observed (red) or not
(white): small (inner circles) for trioecy, the intermediate circles for leakiness, and the large (outer) circles for
sex change.



Table 2: Sexual lability in 22 species with well-described sex chromosomes. The lability types correspond

to those summarized in Table 1. Am = andromonoecious, Gm = gynomonoecious, M = monoecious, Tm =

trimonoecious. For species with reported leakiness, the leaky sex is indicated in parenthesis: f = female, m =

male, b = both sexes. For clarity, species without reported lability are indicated with a dash in all columns. For

details, see Supplementary Table 1. This table also includes references to the literature on sex chromosomes.
Type of lability

Species Sex change Leakiness Trioecy References
Actinidia chinensis - - - [28, 33, 34]
Amborella trichopoda  Yes Am * (m) [35, 36]
Asparagus officinalis Am * (m) H [5, 37-39]
Cannabis sativa Yes M, Gm (f) M [21, 22, 32, 40-42]
Carica papaya Yes Am, Tm (m) H [5, 43-46]
Coccinia grandis Yes Gm (f) [47, 48]
Diospyros lotus - - - [5, 30]
Fragaria chiloensis Am (m) [49-51]
Humulus lupulus Yes M (b) [52-55]
Mercurialis annua M, Tm (b) M [5, 56-58]
Phoeniz dactylifera Am, Gm * (b) [5, 59]
Populus alba M (m) [5, 60]
Populus euphratica M (f) [5, 61]
Populus tremula Am, M (m) [5, 62, 63]
Rumez hastatulus Am, Gm (b) H [64-66]
Saliz purpurea - - - [31, 67, 68]
Saliz viminalis - - - [31, 67, 69]
Silene latifolia Yes Am, M (m) H [70-75]
Silene otites H [76-78]
Silene pseudotites H? [77-79]
Spinacia oleracea Yes M [5, 80-83]
Vitis vinifera Yes Am * (m) H [84-86]

*. evidence that leaky individuals actually change sexual expression between flowering events, i.e. are inconstant
in sex expression.

of the genes. The ages of recombination suppression range from 0.25 My (Silene pseudotites) to 33 My (Humulus
lupulus).

As shown in Figure 1, there is no clear correlation between the occurrence of lability and characteristics of
the sex chromosomes. Table 3 shows the tests for sex chromosome differences for all types of lability. Only one
of these tests was significant at the 5% level: species with younger sex chromosomes more often produce stable
bisexual (monoclinous or monoecious) individuals. These results were confirmed by the binomial regression
analysis (Supplementary File 1). The additional power analysis shows that we can only expect to find significant
results when the strongest change in the probability of occurrence of lability (the so-called “switch”) lies within
the range of values (i.e., ages or number of sex-linked genes) that are effectively observed in the dataset. Thus,
if this switch occurs before or immediately at the onset of sex chromosome evolution, or after several tens
of millions of years of existence of the sex chromosomes, it cannot be discovered using these data. This also
indicates that the significant negative correlation between the occurrence of trioecy and sex chromosome age is
a robust result, even with the low sample size.

It is difficult to draw conclusions about the frequency of sex change, leakiness, and the occurrence of mono-
clinous or monoecious individuals within each of the species, as many studies report observations in a qualitative
manner, and the quantitative data presented are often not directly comparable. From the few measurements
we gathered, one can infer that the frequencies of aberrant individuals and flowers are often low, except in some
cases where the plants were grown in extreme conditions. Species with younger sex chromosomes or fewer genes
do not consistently have higher frequencies of sex change or leakiness; some of the highest frequencies of lability
have been reported for Cannabis sativa [22, 32|, which has rather large and old sex chromosomes.

Sex change was documented from male to female and vice versa in four species. Leakiness was more frequently
reported for males (eight species) than for females (three species) or for both sexes (four species; Table 2).

We illustrate these results by describing two plant species for which detailed studies are available. Silene
latifolia stands out among angiosperms as it has strikingly dimorphic sex chromosomes. The Y chromosome is
larger than the X, and it is considerably degenerated [73, 87], although these chromosomes evolved only approx-
imately 10 million years ago [75]. Sex determination is considered quite stable in S. latifolia [88]. Completely
monoclinous individuals (trioecy) have received some attention as they arise through deletions of parts of the



Table 3: Summary and tests of the effect of sex chromosome characteristics and sexual lability. Two-sided
p-values were calculated using Wilcoxon’s rank sum test.

Median number of sex-linked genes Median age of non-recombining region (My)

without lability — with lability —p-value | without lability —with lability p-value

Sex change 81.5 707.5 0.27 8.08 13.3 0.48
Leakiness 216 211 0.78 10.0 10.0 0.58
Trioecy 159 234 1 20.8 5.00 0.021
Overall 57 216 0.58 19.8 10.0 0.26

Y chromosome and allow one to investigate the genetic architecture of dioecy in this species [2, 72, 89, 90].
Leakiness does not seem to be caused by a mutation, at least in one report where it was found not to be
heritable [91]. An extensive study of the occurrence of sexual lability has been performed by Frick and Cavers
[70], who found both leakiness and sex changes by monitoring plants in common garden experiments and the
greenhouse for several flowering seasons.

In Amborella trichopoda, sex chromosomes of the ZW type have a small non-recombining region that evolved
quite recently (less than 16.5 My ago, most probably around 8 My ago) [36]. A detailed study using cultivated
individuals during two flowering seasons showed variable proportions of leakiness in males (thus, inconstancy
in the literal sense) and sex change in about 1% of individuals [35]. The individual grown in the Santa Cruz
arboretum (California), from which the reference genome is derived [92], has been shown to be genetically female
(i.e. has both Z and W chromosomes [36]). It is striking that this individual has changed sex, having flowered
as mostly male in the past but recently as female. The botanical garden in Bonn also observed sex changes in
an A. trichopoda plant [93], and although its history is not completely clear, based on the relatedness ¢ statistic
[94] of 0.361 calculated on resequencing data [92], this individual should be considered a clone of the Santa Cruz
individual. Furthermore, sex changes have been reported in cuttings of the Santa Cruz plant [95].

4 Discussion

We have shows, using a set of species whose sex chromosomes have been studied with genomic data, that sexual
lability is only weakly influenced by the age of the sex chromosomes and the number of sex-linked genes. More
precisely, sex change and leakiness did not seem to be influenced by the characteristics of the sex chromosomes,
while the occurrence of trioecy diminished with the age of the sex chromosomes but not with the number of
sex-linked genes. Importantly, in the vast majority of the species included in this analysis, at least some form
of lability has been reported.

These results should be considered preliminary as this review is limited by the availability of data. First, we
were able to include only a limited number of species, i.e. those for which the sex chromosomes were sufficiently
well-characterized. We cannot rule out that the size of the non-recombining region or the sex chromosome age
affect the occurrence of lability. However, it seems plausible that strong correlations, if they existed, would
have been visible in this small sample as well, as shown by the power analysis (Supplementary File 1). We do
not know if the species included in this review are a representative sample of all species with sex chromosomes,
because such chromosomes have simply not been characterized in the vast majority of dioecious species. In
addition, differences in the probability of lability between dioecious species with and without sex chromosomes
could not be explored because sex-determining mechanisms are only understood in a small subset of dioecious
plants.

Second, the estimates of the number of sex-linked genes or the age of the sex chromosomes depend on the
methods used in the primary studies. The estimates that are used in this review will most likely become more
precise when more genomic resources will be available. Note however that there is large variation in the current
sample, and the rank sum tests presented in Table 3 are, to a certain degree, robust to inaccuracies.

Third, reports on sexual lability are scarce and difficult to compare to one another. As lability typically
concerns only a few individuals in a population, observations of many plants, preferably including several
flowering seasons, are needed to discover spontaneously occurring sex changes, leakiness, or bisexual individuals,
as we have described for S. latifolia and A. trichopoda |35, 70]. Such studies seem to have been more frequent
before 1990 than today, with some notable exceptions. Not all species have received the same amount of
attention from researchers, such that the absence of sexual lability in some species is likely to be the effect of
the absence of studies. For the species completely lacking reports of sexual lability, we found evidence of lability
in closely related species; it seems thus plausible that all of the studied species are capable of some degree of
lability. Finally, we could only compare the presence or absence of lability as quantitative information (e.g.
fraction of labile individuals) was available for only a subset of species (Supplementary Table 1).

Despite these limitations, our results show that lability can occur in dioecious plants regardless of the
characteristics of their sex chromosomes. These findings are contrary to the naive idea that sex chromosomes
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represent a stable and irreversible way to fix dioecy [c¢f 17]. This idea has been largely questioned in recent
years, and data in animals show that exceptions to this rule are frequent [e.g. 9]. Whether more subtle effects
exist, and whether lability changes in dioecious species before sex chromosomes evolve, remains to be explored
but currently the data to test these hypotheses are not available.

We have only limited understanding of the causes of lability. Some aberrant sexual phenotypes have been
linked to mutations on the sex chromosomes and can be transmitted to descendants, as is often the case with
trioecy (e.g. mutations on the Y chromosome in Carica papaya [96], Silene latifolia [72, 89] and Vitis vinifera
[97], or modified X chromosomes in Cannabis sativa [98] and Mercurialis annua [99]). One could hypothesize
that leakiness, which involves only some flowers of a plant, is more often the result of “developmental noise” [10]
or of some local action of hormones than the other types of lability that involve whole plants and that might
have genetic causes. However, the picture that emerges from this review is that different types of lability often
co-occur, and the distinction might thus be partially artificial.

The classical cases of sex change seem to involve plant size or resource status, or maybe external environ-
mental conditions [cf 12, 13]. But the example of A. trichopoda, in which cuttings and clones grown in different
locations change sex, seems to fit neither of the proposed mechanisms. Furthermore, there could be a role of
somatic mutations, leading to an occasional branch of a different sex (leakiness), or even sex change in plants
that regenerate frequently, but this hypothesis has only rarely been considered. The study of the causes of
lability in species with sex chromosomes will only advance when sex-determining genes start to be described,
but this currently is only the case for a handful of species [cf 5]. Sexually labile individuals might help in this
enterprise by allowing to identify mutations, differences in gene expression, or epigenetic mechanisms [100].
In the case of trioecy with a genetic basis, monoclinous or monoecious individuals can easily be selected and
maintained artificially, as is the case for some crop species (Cannabis sativa, Vitis vinifera, Carica papaya).
Leakiness in Mercurialis annua has been the subject of intensive studies, that show that it can be selected for
when mates (pollen) are limited [101], but is also influenced by the environment [57, 102]. Such experiments
combining the effects of population density, mate availability, environmental conditions and inheritance could
be performed for other species with sex chromosomes, and will probably show that sex determination is not
entirely genetic nor environmental, as several authors have already suggested [e.g. 5, 103].

The wide occurrence of lability in dioecious species suggests that this sexual system is maintained through
selection and not because of intrinsic (developmental or genetic) constraints. Indeed, if dioecy was not advant-
ageous, it would be counter-selected and lost, together with the sex chromosomes [cf 101, 104]. For example,
if a species went through a short period of monocliny or monoecy, the sex chromosomes could be lost, and a
new pair might evolve when the species transitions back to dioecy. If and when such transitions happen is not
known, but such events might be an additional mechanism to consider in the study of sex chromosome turnover
[cf 6, 105, 106].

Sex chromosome research is currently benefiting from the “genomic revolution™ technologies for whole-
genome sequencing are improving, their costs are diminishing and many tools are available to infer sex-linkage
[6, 106, 107]. On the contrary, studies including large-scale screening and long-term monitoring of sexual lability
seem to have lost popularity (with some exceptions, notably economically important species), as illustrated by
the age of the references we used to extract data from. We suppose this is due to the current research context
in which long-term studies with uncertain outcomes are disfavoured. So we invite researchers to consider the
reports of sexual lability in a species as an incentive to study it; the most time-consuming part of the work is
already done. Of course, it is unlikely that sex chromosomes will be found in species in which sex change is
common (e.g. Arisaema, Catasetinae, Gurania, Panaz [11]) as no genetic dimorphism is expected, but other
species seem clearly dimorphic with a substantial, albeit minor, proportion of sex change, such as some Acer,
Ilex, Solanum and Atriplex species [13].
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