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INTRODUCTION

Bell  (1982) considered the “casualness of the few at-
tempts to provide a functional account of haploidy and 
diploidy [i.e., sex]…a major scandal” (p. 443). Over 

40 years later, we have yet to resolve the evolutionary 
enigma of sex. The life cycle is nevertheless one of 
the most fundamental biological features influencing 
ecological and evolutionary processes. In eukaryotes, 
growth and reproduction are linked together through 
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Abstract
Sex is a crucial process that has molecular, genetic, cellular, organismal, and 
population-level consequences for eukaryotic evolution. Eukaryotic life cycles 
are composed of alternating haploid and diploid phases but are constrained 
by the need to accommodate the phenotypes of these different phases. 
Critical gaps in our understanding of evolutionary drivers of the diversity in 
algae life cycles include how selection acts to stabilize and change features 
of the life cycle. Moreover, most eukaryotes are partially clonal, engaging in 
both sexual and asexual reproduction. Yet, our understanding of the varia-
tion in their reproductive systems is largely based on sexual reproduction in 
animals or angiosperms. The relative balance of sexual versus asexual re-
production not only controls but also is in turn controlled by standing genetic 
variability, thereby shaping evolutionary trajectories. Thus, we must quan-
titatively assess the consequences of the variation in life cycles on repro-
ductive systems. Algae are a polyphyletic group spread across many of the 
major eukaryotic lineages, providing powerful models by which to resolve this 
knowledge gap. There is, however, an alarming lack of data about the popu-
lation genetics of most algae and, therefore, the relative frequency of sexual 
versus asexual processes. For many algae, the occurrence of sexual repro-
duction is unknown, observations have been lost in overlooked papers, or 
data on population genetics do not yet exist. This greatly restricts our ability 
to forecast the consequences of climate change on algal populations inhabit-
ing terrestrial, aquatic, and marine ecosystems. This perspective summarizes 
our extant knowledge and provides some future directions to pursue broadly 
across micro- and macroalgal species.
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sex: fusion (i.e., fertilization or syngamy), rearrange-
ment (i.e., recombination), and reduction (i.e., meiosis). 
The cycles of growth and reproduction, in turn, link in-
dividuals to population dynamics (Bonner, 1965). The 
alternation in ploidy—often diploid and haploid—con-
stitutes a major genomic change directly affecting the 
phenotype.

Sex is often easier to observe in large multicellular 
taxa (e.g., mammals). However, for most eukaryotes, 
sex is not always tied to a reproductive process (see 
Beukeboom & Perrin, 2014). We are accumulating evi-
dence for the occurrence of sex across taxa with ever-
expanding genomic capabilities, but these observations 
are nevertheless indirect, such as the identification of 
functional meiotic genes (Bhattacharya et  al.,  2013; 
de Silva & Machado,  2022; see also Beukeboom & 
Perrin,  2014) or the calculation of population genetic 
summary statistics (Duminil et  al.,  2007; Ellegren & 
Galtier, 2016; Tibayrenc & Ayala, 1991). Our knowledge 
of sex in nature remains rudimentary outside of taxa 
of economic, ecological, or epidemiological impor-
tance and ease of laboratory-based cultivation (Aanen 
et al., 2016). Even in putative asexual lineages, meiotic 
machinery has been observed, suggesting a need to 
assume sex occurs, even if rarely, as the default unless 
other evidence is determined to show it has been en-
tirely lost (Hofstatter & Lhahr, 2019).

Studying sex in nature is complicated by the fact that 
the majority of eukaryotes are partially clonal, engaging 
in both sexual and asexual reproduction (Beukeboom 
& Perrin, 2014). Asexual reproduction can range from 
agametic modes that only involve somatic tissue (e.g., 
fragmentation) to gametic modes that involve germline 
tissues (see Orive & Krueger-Hadfield, 2021 for a brief 
summary and further reading). The occurrence of vari-
ous manifestations of sexual and asexual reproduction 
complicates the use of traditional approaches to pop-
ulation genetics and their interpretation because they 
were built on the assumptions of obligate sexuality or 
obligate asexuality (Arnaud-Haond et al., 2007; Halkett 
et al., 2005; Krueger-Hadfield, Guillemin, et al., 2021; 
Stoeckel, Arnaud-Haond, & Krueger-Hadfield,  2021; 
Stoeckel, Porro, & Arnaud-Haond, 2021). Moreover, the 
literature is overwhelmingly dominated by studies on an-
imal behaviors associated with sex (Lane et al., 2011) or 
the relative rates of self-fertilization (i.e., selfing) versus 
outcrossing in angiosperms (Barrett, 2002; Whitehead 
et al., 2018). The life history traits that affect the repro-
ductive system (sensu Barrett, 2011: [i] sexual vs. asex-
ual reproduction and [ii] selfing vs. outcrossing) are 
evolutionarily labile and vary tremendously within and 
between taxa (Barrett, 2014). Further, the reproductive 
system influences the partitioning of genetic diversity 
within and among populations (Hamrick & Godt, 1996) 
and the maintenance of genetic associations (Otto & 
Marks, 1996). The balance between sexual and asex-
ual reproduction strongly influences ecological (Halkett 

et  al.,  2005; Silvertown,  2008) and evolutionary suc-
cess (Orive et al., 2017, 2023).

This knowledge gap is all the more critical as climate 
change can affect the life history traits that influence 
population-level responses, including by shifting the 
prevailing reproductive mode (Sandrock et al., 2011). 
This has direct consequences for forecasting how a 
changing climate will affect populations of most eu-
karyotic lineages, even including well-studied groups 
like the angiosperms (see discussion in Rushworth 
et  al.,  2022). The ease with which we can generate 
genetic data is rapidly increasing and, thus, so is what 
we can learn about the partitioning of genetic diversity, 
although it remains important to couch all these data 
firmly in natural history (Travis,  2020). In Bell  (1994; 
p. 6), figure 2 was described as a “pocket summary 
of eukaryotic life cycles.” To borrow his eloquent turn 
of phrase, so too should be this perspective, in which 
the subsections are pocket summaries of what we 
know about algal reproduction. Where there are ex-
cellent reviews, they are noted, and interested readers 
should delve into the work by those authors, as the 
level of detail here is not equaled nor is it intended to 
be. This perspective can also serve as a preliminary 
translation of these data for our understanding of the 
evolution of reproductive systems in this polyphyletic 
group of eukaryotes. Hopefully, it spurs attention to 
the central role reproductive systems play in algal evo-
lutionary ecology.

THE ROLE OF ALGAE IN 
UNDERSTANDING EUKARYOTIC 
REPRODUCTIVE SYSTEMS

Algae occupy a central role in our understanding of the 
evolution of reproductive system, especially against the 
backdrop of a changing climate (see Coleman, 2024, 
for an introduction to these perspectives). Micro- and 
macroalgae are observed in almost every major eu-
karyotic lineage, including Telonemids, Stramenopiles, 
Alveolates, and Rhizaria (TSAR), Haptista, Cryptista, 
Archaeplastida, and the “Excavates” (see Burki 
et al., 2020), enabling powerful insights into convergent 
evolution (Qiu et al., 2012). Moreover, the algae are the 
most speciose group following angiosperms and fungi, 
but important gaps in our understanding of these taxa 
remain despite their importance to eukaryotic evolution 
(Guiry, 2024). Further, many aspects of algal reproduc-
tive systems differ significantly from those of animals 
and angiosperms, challenging traditional understand-
ing and the utility of common proxies to describe 
patterns in nature (Krueger-Hadfield,  2020; Krueger-
Hadfield et  al.,  2019; Krueger-Hadfield, Guillemin, 
et  al.,  2021; Krueger-Hadfield & Hoban,  2016). For 
example, Stoeckel, Arnaud-Haond, and Krueger-
Hadfield  (2021) recently demonstrated that the 
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combined effects of the proportion of the haploid 
phase, the rate of clonality, and the relative strength of 
mutation versus genetic drift substantially influence the 
distribution of common population genetic indices in 
haploid–diploid macroalgae, rendering it difficult to use 
the population genetic knowledge accumulated from 
animals and angiosperms (see also Krueger-Hadfield, 
Guillemin, et al., 2021). In addition, in algae with haploid 
phases of long duration, two types of selfing are pos-
sible. Intragametophytic selfing occurs in monoicous 
haploids and results in instantaneous, genome-wide 
homozygosity (Klekowski, 1969). Although selfing in a 
hermaphroditic individual is the same in so far as both 
gametes are made by the same individual, in diploid 
taxa, heterozygosity is not lost after a single fertiliza-
tion event. Separate sexes (i.e., dioecy) prevent selfing 
in diploid taxa, but this is not the case in haploid–dip-
loid taxa in which intergametophytic selfing is possible 
despite separate sexes (i.e., dioicy, Klekowski, 1969). 
Thus, separate sexes cannot be used as a proxy by 
which to describe the reproductive system without tools 
of population genetics (see, as an empirical example, 
Krueger-Hadfield et  al.,  2015). Finally, separate cyto-
logical and morphological phases can be studied in a 
single species (Dring, 2003). Studies on the life cycles 
of algae can help resolve the long-standing conflict 
between ecological and genetic hypotheses (Albecker 
et  al.,  2021; Krueger-Hadfield,  2020). Therefore, in-
sights gleaned from algae may therefore aid in the de-
velopment of better theoretical predictions for patterns 
of population genetics that are relevant broadly across 
eukaryotes. These data will be critical for our under-
standing of how algal populations—and eukaryotes 
by extension—will respond to the effects of climate 
change (see Krueger-Hadfield, 2020).

Different algal lineages have been touted as useful for 
the study of evolution questions about the life cycle and 
reproductive system, but information remains dispa-
rate and taxonomically restricted (Otto & Marks, 1996; 
Krueger-Hadfield, 2020; Heesch et al., 2021; Krueger-
Hadfield et al., 2024). Olsen et al. (2020) demonstrated 
that the distributions of the inbreeding coefficient (FIS) 
among angiosperms, macroalgae (including red, green, 
and brown algae), and marine invertebrates were 
comparable, suggesting that similar forces may drive 
patterns of variation in reproductive systems broadly 
across taxa. This perspective is meant to provide an 
overview of what we know and what we do not know for 
micro- and macroalgae. In the sections for each algal 
lineage, any group with an asterisk (*) has been sub-
ject to explicit studies of the reproductive system using 
the approaches of population genetics, although not all 
possible references are included in this perspective. 
Rather than an exhaustive review, the following sec-
tions are divided by group based on Burki et al. (2020). 
The sad fact is that we simply know too little about too 
many taxa (see also Beukeboom & Perrin, 2014, as this 

problem is an acute eukaryotic problem, not restricted 
to the algae).

A SMALL DEPARTURE IN 
RESOLVING JARGON

It is necessary to begin with a brief introduction to the 
meaning of different terms invoked in the following 
sections. Beukeboom and Perrin  (2014) distinguished 
“sex” from “meiotic sex,” arguing sex had often been 
defined as any genetic exchange, such as the succes-
sion of meiosis with recombination and fertilization; 
however, under such a broad definition, sex could also 
include transformation or transduction in prokaryotes 
or transmission in viruses, as these too were forms of 
genetic exchange. Meiotic sex was therefore a more 
precise definition of sex: sex by the occurrence of 
meiosis. Thus, self-fertilization is a form of uniparental 
meiotic sex, as it involves meiosis, recombination, and 
fertilization, albeit with gametes produced by the same 
individual. Certain modes of parthenogenesis involv-
ing meiosis would also fall under meiotic sex (see de 
Meeûs et al., 2007; Orive & Krueger-Hadfield, 2021 for 
descriptions of these modes of parthenogenesis that 
will not be discussed in detail here). For the purposes 
of this perspective, I will use the term “meiotic sex” as 
in Beukeboom and Perrin (2014).

Recently, reproductive systems were reviewed with 
a focus on freshwater red algae, and readers should 
refer to table  1 in Krueger-Hadfield et  al.  (2024) for 
additional clarification on terminology. However, there 
is some confusion with terms used for diatoms (see 
an excellent review by Kaczmarska et al., 2013) ver-
sus terms used for macroalgae (Heiser et al., 2023; 
Krueger-Hadfield, Roze, et al., 2013). Inspired by the 
review on fungi by Billiard et al. (2012), I have adapted 
their figure, showing the flow from the reproductive 
mode to the mating system and, finally, to the “sex-
ual system” (Figure 1). Using the separation of repro-
ductive modes by Fristch  (1935) as well as work in 
the angiosperms (Richards, 1986), three types of re-
production are recognized: vegetative reproduction, 
apomixis, and meiotic sex. Fristch  (1935) used the 
terms vegetative reproduction and asexual reproduc-
tion, but here, I have used the term apomixis to refer 
to the specific type of asexual reproduction—spore 
production—in which there is no fertilization, meio-
sis, or recombination. Both vegetative reproduction 
and apomixis are forms of asexual reproduction in 
this context. The contrast is in the production of a 
spore in apomixis as compared to vegetative repro-
duction, such as the mitotic divisions of unicellular 
taxa or fragmentation of the thallus in multicellular 
taxa. The relative rates of vegetative reproduction, 
apomixis, and meiotic sex are collectively referred to 
as the reproductive system (sensu Barrett, 2011). The 
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F I G U R E  1   A synthetic view of different possible reproductive modes, mating systems, and sexual systems for algae adapted with 
permission from Billiard et al. (2012). Terms and definitions are taken from Beukeboom and Perrin (2014), Billiard et al. (2012), Kaczmarska 
et al. (2013), Klekowski (1969), Krueger-Hadfield et al. (2024), and Olsen et al. (2021). *Autogamy refers to self-fertilization within the same 
flower in angiosperms; this is still distinct from monoicy or homothallism as gametes are produced from meiosis; **Geitonogamy refers to 
self-fertilization with gametes produced by different flowers on the same plant; † term used in animals; Ω Unisexual can sometimes by a 
synonym for parthenogenetic or uniparental reproduction. [Color figure can be viewed at wileyonlinelibrary.com]
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mating system refers specifically to meiotic sex and 
the relative rates of selfing and outcrossing. Finally, 
the “sexual system” is defined as the distribution of 
male and female functions (see also Barrett, 2002). 
Here, I used quotes, as homothallism and heterothal-
lism do not strictly define male and female functions, 
for example, in diatoms (Kaczmarska et al., 2013) or 
in fungi (Billiard et al., 2012). However, homothallism 
and heterothallism do refer to the compatibility of dif-
ferent mating or cell types (e.g., + or −). Thus, they 
would fit under the umbrella term of the sexual system 
sensu lato. The sexual system is also influenced by 
the life cycle. If sex is determined in the haploid phase, 
then the haploid phase (often a gametophyte) would 
be considered monoicous or dioicous (Beukeboom 
& Perrin,  2014). If sex is determined in the diploid 
phase, then the diploid phase (often a sporophyte for 
plants and algae) would be considered monecious (or 
hermaphroditic) or dioecious. Monoicous and homo-
thallic species can undergo intragametophytic self-
ing, selfing, and outcrossing. Dioicous, monoecious, 
hermaphroditic, and heterothallic species can only 
undergo selfing and outcrossing. Finally, dioecious 
species can only undergo outcrossing (see Figure 1).

Curiously, Fristch  (1935) described the sporo-
phytes in many macroalgae as “asexual individuals” 
and the gametophytes as the “haploid [phase] bear-
ing gametes” or the “haploid individuals bearing the 
sex organs” (Fristch, 1935; p. 52). This does not accu-
rately describe meiotic sex and the life cycle of many 
red, green, and brown macroalgae. Sex is not simply 
a synonym for fertilization or the phase in which “sex 
organs” are observed. The gametophytes produce 
gametes via mitosis. The zygote is formed by fertil-
ization, and its fate depends on the type of macroalga 
(e.g., florideophyte carposporophyte development vs. 
germination into the sporophyte in brown algae). The 
resulting sporophyte (or tetrasporophyte in many red 
algae) is neither female nor male, but this does not 
make the sporophyte asexual. Meiosis and recom-
bination—critical processes in meiotic sex—occur 
at the (tetra)sporophyte phase, producing haploid 
spores that will germinate into gametophytes. This 
terminology still occurs in the phycological literature 
and should not be confused with actual asexual re-
production through various vegetative or apomictic 
processes in the sporophyte phase.

CYANOBACTERIA

The cyanobacteria include representatives across 
all biomes, including extreme habitats (see Komárek 
& Johansen,  2015a, 2015b), and are responsible 
for a sizeable fraction of global photosynthesis (re-
viewed in Biller et al., 2014). Unlike all other algae, the 
Cyanobacteria are prokaryotes and do not undergo 

meiotic sex. This does not mean that bacteria do 
not possess mechanisms that are similar to meio-
sis. Transformation, as an example, is thought to be 
a possible precursor to eukaryotic meiosis (Berstein 
& Berstein, 2010). Cyanobacteria, like other prokary-
otes, can take up DNA from the environment, often 
a conspecific bacterium, and that DNA becomes 
integrated into the DNA of the original host's cell in 
a form of genetic exchange. The Cyanobacterium 
Synechococcus elongatus is naturally competent 
and an emerging model for circadian rhythms that 
drive transformation (Taton et al., 2020). Viral trans-
duction can allow gene transfer as well, such as 
shown in Prochlorococcus, leading to niche differ-
entiation in bacterial lineages (Coleman et al., 2006). 
Cyanobacteria can also bud, undergo binary fission 
or thallus fragmentation, or form specialized struc-
tures (reviewed in Komárek & Johansen,  2015a, 
2015b; Warren et al., 2019). Environmental sampling 
with molecular tools will be key to answering ques-
tions about cyanobacteria in natural environments, 
including the frequencies at which transformation, 
transduction, the production of dormant cells, or bi-
nary fission occur. Understanding the relative fre-
quency of these process will shed light on how they 
affect standing genetic diversity within and among 
cyanobacterial “populations.”

TSAR—ALVEOLATA

Dinoflagellates*

Dinoflagellates include heterotrophic, mixotrophic, 
and photosynthetic forms, ranging from species 
causing harmful algal blooms to invertebrate sym-
bionts. Unlike in other unicellular algae, meiotic sex 
is thought to be much more widespread among the 
dinoflagellates (Graham et al., 2022). Dia et al. (2014) 
interpreted data on dinoflagellate  population genet-
ics, including the absence of multilocus linkage dis-
equilibrium and high genotypic richness, as evidence 
for recombination in Alexandrium minutum. Recently, 
Lin et  al.  (2022) reported the upregulation of mei-
otic genes during bloom events, suggesting meiosis 
could also occur during blooms. Traditionally, meio-
sis has been thought to occur following encystment 
of the diploid zygote. Likewise, Figueroa et al. (2015) 
suggested that A. minutum may have a haploid life 
cycle but instead is biphasic due to patterns of pla-
nozygote division whereby encystment is skipped 
and planktonic divisions of the zygote occur. In the 
Symbiodiniaceae, gamete fusion and meiosis have yet 
to be demonstrated, but Shah et al.  (2020) provided 
genomic evidence for meiotic sex based on transcrip-
tomic data from the genera Cladocopium, Breviolum, 
Durusdinium, and Symbiodinium.

 15298817, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13462 by U

niversity O
f A

labam
a - B

irm
ingham

, W
iley O

nline Library on [12/06/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



586  |      KRUEGER-HADFIELD

Depending on the taxon, gametes can be mor-
phologically similar (isogamous) or distinct (anisog-
amous). Meiotic sex is described as homothallic 
(gametes produced from the same parental cell) or 
heterothallic (gametes produced from two different 
cells). Homothallism in dinoflagellates could erode 
genetic diversity, particularly if certain genotypes are 
selected during bloom events (see discussion in Dia 
et  al.,  2014). However, population sizes are thought 
to be so large that fusion of two gametes from the 
same parental cell may be rare. Few studies exist ex-
ploring the reproductive system in detail in dinoflagel-
lates, and those that do exist rely on culture-based 
approaches (Dia et al., 2014). In coral, dinoflagellate 
clonality has been assessed by the presence of one 
allele per locus in DNA extracted from the host in-
cluding the symbiont (Baums et al.,  2014). Thornhill 
et al.  (2017) further supported meiotic sex occurring 
despite vegetative mitotic divisions driving the sym-
biont biomass in a coral host. Based on the critical 
role dinoflagellates play in forming blooms and in-
tegral symbiotic relationships with ecosystem engi-
neers (e.g., coral), it is critical to fill in missing gaps 
about the reproductive system in this unicellular algal 
lineage.

TSAR—RHIZARIA

Chlorarachniophytes

This group of algae is often amoeboid, with their ul-
trastructure clearly differentiating them from green 
algae and the euglenoids (Ichida et al.,  2007). They 
are the only group of algae that are not observed in 
freshwater, with their distribution likely being strictly 
marine. They display amazing diversity in their life 
cycle (see figure 9.6 in Ichida et al., 2007). Grell (1990) 
made observations in which resting cells were formed 
and plasmodial cells remained fused with the rest-
ing cells, hinting at possible fertilization. Beutlich and 
Schnetter  (1993) used measurements of DNA con-
tent and determined the life cycle of Cryptochlora 
perforans was haploid-diploid, in which both phases 
can have amoeboid and coccoid morphologies. 
Observations of the haploid and diploid phases were 
only possible using DNA staining methods, suggest-
ing that molecular markers and single-cell genotyping 
techniques could help understand the relative impor-
tance of mitotic divisions (e.g., vegetative reproduc-
tion) and meiotic sex.

TSAR—STRAMENOPILA

The photosynthetic Stramenopiles were organized as 
in Graham et al.  (2022). Certain groups for which no 

information could be located are not included below, 
including the Synchromophyceae, Aurearenophyceae, 
Phaeothamniophyceae, and Schizocladiophyceae.

Bacillariophyceae*

Unlike most algae, diatoms spend the majority of their 
life cycle in the diploid phase. Meiotic sex in diatoms 
is widely accepted, as it is the only mechanism by 
which cell-size reduction is reversed (Davidovich & 
Davidovich, 2022). Kaczmarska et al. (2013) wrote an 
excellent review on diatom terminology, and interested 
readers should consult this resource, as I will not re-
capitulate here. In addition to sexual auxosporulation, 
Sabbe et al. (2004) showed that reproduction can also 
occur via a process that would be akin to apomixis in 
plants, suggesting that there is a great deal of diver-
sity and lability in the reproductive systems of diatoms. 
Most studies to date have been on laboratory-based 
crosses (Godhe et al., 2014) or clonal cultures (Evans 
et al., 2005; Rynearson & Armbrust, 2000). The latter 
have shown very high levels of genotypic richness, 
often viewed as a paradox (see discussion in Krueger-
Hadfield et al., 2014). Moreover, Bulnakova et al. (2021) 
demonstrated mitotic recombination in a series of el-
egant experiments that might help explain fitness ad-
vantages during clonal competition in blooms.

Godhe et  al.  (2014) demonstrated that the centric 
diatom Skeletonema marinoi was homothallic and 
auxospores were formed from meiotic sex. It is unclear 
how centric diatoms mate in nature or what role ho-
mothallism plays in the partitioning of genetic diversity. 
In heterothallic diatoms, clones produce one gamete 
type, although there does appear to be flexibility for 
intraclonal reproduction (Kaczmarska et  al.,  2013). 
Ultimately, analyses of population genetics are required 
to explore the lability of diatom reproductive systems 
without reliance on laboratory-based cultivation to un-
derstand the eco-evolutionary consequences in natural 
populations.

Bolidophyceae

Ichinomiya et  al.  (2016) provided information on the 
global distribution of this group of picoplankton based 
on metabarcoding from the Tara Oceans expedition 
(https://​fonda​tiont​araoc​ean.​org/​en/​exped​ition/​​tara-​
oceans/​), but little other data exist about their life cycle 
or prevailing reproductive mode.

Pelagophyceae

Pelagophytes can form large blooms, sometimes re-
ferred to as brown tides. Tang et al.  (2019) observed 
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that one species, Aureoumbra anophagefferens, had 
a resting stage in sediments. Ma et al. (2020) followed 
with experiments on the resting stage and observed it 
could revert back to cell divisions—akin to vegetative 
reproduction (Figure  1)—under certain culture condi-
tions. As species in this group can form algal blooms, 
understanding their basic biology is of importance to 
investigations of how sexual versus vegetative repro-
duction structures populations and influences bloom 
dynamics.

Dictyochophyceae

Silicoflagellates can form blooms that have been as-
sociated with fish kills, but little is known about their 
life cycles. Henrickson et al. (1993) observed different 
cell types, ranging from skeleton-bearing to naked 
cells. However, the cell types did not differ in ploidy; 
thus, the authors concluded that meiotic sex did not 
occur (Henrickson et  al.,  1993). Genomic analyses 
could determine whether meiotic genes persist in sili-
coflagellate genomes and could be followed by other 
studies to determine if and how meiotic sex occurs 
and the frequency of sexual versus asexual reproduc-
tive modes.

Chrysophyceae

The Crysophytes are commonly observed in freshwa-
ter habitats and produce a resting stage referred to 
as a stomatocyst (Nicholls & Wujek, 2003). They are 
thought to spend the majority of the life cycle in the 
haploid phase. Mitotic divisions lead to the liberation 
of zoospores and would be analogous to vegetative 
reproduction. Recently, Kraus et  al.  (2019) observed 
evidence for meiotic or meiosis-related genes based 
on transcriptomic data, suggesting they are “secretly 
sexual.”

Synurophyceae

Synurophyceans produce stomatocysts like the 
Chrysophytes, and they too are assumed to be hap-
loid. In a species of Synura, fertilization occurred 
between isogamous gametes and was heterothallic 
(Sandgren & Flanagin, 1986). There is little information 
about Synurophycean reproductive system variation, 
cyst formation, or the prevailing reproductive mode.

Eustigmatophyceae

These yellow-green algae are observed in freshwater 
or marine habitats. Meiotic sex has not been observed 

(Amaral et  al.,  2020; Santos,  1996). There are, thus, 
rather large gaps in our understanding of how these 
algae reproduce and the frequency of sexual versus 
asexual processes in natural populations.

Pinguiophyceae

Kawachi et al. (2002) described this new group of mi-
croscopic marine flagellates, but no information exists 
about their reproductive modes.

Phaeophyceae*

The brown macroalgae include species characterized 
by microscopic filamentous thalli to giant kelps. The 
brown algae exhibit incredible diversity of life cycles 
and variation in reproductive systems (see Bringloe 
et al., 2020; Heesch et al., 2021). Meiotic sex occurs 
across the brown algae, but there are multiple ex-
amples of vegetative reproduction (e.g., Fucus in the 
Baltic; Tatarenkov et  al.,  2005) and apomixis (e.g., 
parthenosporophytes in Scytosiphon; Hoshino & 
Kogame,  2019). Bringloe et  al.  (2020) located 72 pa-
pers published between 1984 and 2019 that provided 
information on the reproductive system of 37 species of 
brown algae—20 had diploid life cycles (e.g., fucoids), 
13 exhibited a heteromorphic alternation with diploid 
dominance (e.g., kelps), and four had an "isomorphic" 
alternation (e.g., Dictyotales and Ectocarpales). Early 
work focused on the reproductive system of diploid 
Fucus spp. (Billard et al., 2010; Perrin et al., 2007) as well 
as haploid–diploid kelps (Billot et al., 2003; Robuchon 
et  al.,  2014), although most studies have focused on 
the diploid sporophyte (but see Oppliger et al., 2014). 
Far fewer studies have investigated the reproductive 
systems of haploid–diploid brown algae other than in 
Ectocarpus spp. (Couceiro et al., 2015) and Dictyota di-
chotoma (Steen et al., 2019; see also Krueger-Hadfield, 
Guillemin, et al., 2021). Nevertheless, the brown mac-
roalgae are promising models for exploring transitions 
from monoicy to dioicy as well as from monoecy to di-
oecy (Heesch et al., 2021). Future work needs to assess 
the relative rates of sexual versus asexual reproduction 
across brown algae not only to understand population-
level responses to a changing climate but also to test 
predictions about reproductive systems and life cycles 
(Otto & Marks, 1996).

Raphidophyceae*

Raphidophytes can form intense blooms that can 
cause adverse effects to water bodies, such as lakes. 
Apomictic and sexual cyst formation has been de-
scribed for Gonyostomum semen (Cronberg,  2005; 
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Figueroa & Regenfors,  2006). Lebret et  al.  (2012) 
suggested that patterns of genetic diversity in phy-
toplankton, such as G. semen, could be closely re-
lated to their life cycle, highlighting the important role 
of and feedback between the life cycle and the re-
productive mode. The relative frequencies of sexual 
versus asexual reproduction require more attention in 
the Raphidophytes.

Xanthophyceae

These yellow-green algae produce apomictic spores 
or cysts depending on conditions. Meiotic sex has 
only been described in Tribonema, Botrydium, and 
Vaucheria (Ott & Oldham-Ott,  2003). The life cycle 
is thought to be haploid with variation in isogamy 
and anisogamy. Species of Vaucheria can be monoi-
cous or dioicous (as monoecious or dioecious, Ott & 
Hommersand, 1974). In Florida, several Vaucheria spe-
cies were thought to overwinter as zygotes (Gallagher 
& Humm, 1981). Nevertheless, there is very little infor-
mation on the relative frequency of sexual versus asex-
ual reproduction in natural populations. Yet, monoicy 
and dioicy will have profound consequences on the 
distribution of genetic diversity in haploid species (see 
Krueger-Hadfield et al., 2024).

HAPTISTA

Haptophytes*

The haptophytes include species that play impor-
tant roles in global biogeochemical cycles and can 
form blooms seen from outer space. Haploid and 
diploid cells are often morphologically distinct; in 
Gephyrocapsa huxleyi (E. huxleyi), for example, the 
naked haploid cell is phenotypically and ecologically 
distinct from the coccolith-bearing diploid cell (Frada 
et  al.,  2008, but see Frada et  al.,  2017; Mordecai 
et al., 2017). Both haploid and diploid cells are capable 
of vegetative reproduction through mitotic divisions. 
However, there have been numerous questions raised 
about the amount of genotypic diversity in blooms 
when asexual processes should lead to many repeated 
genotypes (Iglesias-Rodriguez et al., 2006). Krueger-
Hadfield et al. (2014) demonstrated multiple repeated 
genotypes when isolates from a single bloom event of 
G. huxleyi were genotyped. Previous work combined 
isolates from different geographic locations and years 
in which unique genotypes would be expected. Since 
many haptophytes are thought to be haploid–diploid, 
it is possible that selfing can occur if the two haploid 
cells share the same diploid parental cell (analogous 
to intra- or intergametophytic selfing in macroalgae, or 
homothallism in diatoms or dinoflagellates; see also 

Figure  1). Understanding the relative rates of sexual 
versus asexual reproduction is critical for understand-
ing how genetic diversity is partitioned in these algae. 
Moreover, von Dassow et  al.  (2015) showed that 
G. huxleyi haploid cells can lose flagella in oligotrophic 
waters, posing questions as to whether meiotic sex 
can be lost.

CRYPTISTA

Cryptomonads

Cryptomonads are small flagellates that are impor-
tant in natural systems and aquaculture (Graham 
et  al.,  2022). Vegetative reproduction via mitotic di-
visions is thought to be the only mechanism of re-
production. Yet, Kugrens and Lee  (1988) observed 
fusing gametes in a Cryptomonas sp. using electron 
microscopy. The life cycle is poorly understood but 
could be haploid–diploid, in which haploid and dip-
loid cells may have even been classified as differ-
ent taxa (Hoef-Emden & Melkonian, 2003). Kugrens 
and Lee  (1988) posed a handful of questions at the 
end of their paper that appear to remain unresolved, 
such as when meiosis occurs, the fate of meiotic 
products, and the environmental conditions that in-
duce fertilization. Novorino  (2012) reviewed crypto-
monad taxonomy and raised similar questions about 
the alternation of different cell types as well as the 
frequency of meiotic sex. Several cryptomonad ge-
nomes have been sequenced and published (Lane 
et al., 2005), and searching for homologs of meiotic 
genes is an important next step.

ARCHAEPLASTIDA—
GLAUCOPHYTA

Glaucophytes

The Glaucophytes share a common ancestor with 
the red algae and the Chloroplastida (including green 
algae and land plants) and form a monophyletic group 
(Adl et  al.,  2012). Jackson et  al.  (2015) provided a 
review about this lineage of archaeplastid algae 
and noted that there were no reports of meiotic sex, 
whereas apomixis occurred through the production of 
motile zoospores or non-motile autospores. Indeed, 
few morphological and molecular studies exist, but 
these data are critical not only for describing the life 
cycle of the Glaucophytes but also for understanding 
eukaryotic and archaeplastid evolution more thor-
oughly. More recent molecular data have uncovered 
protein families important in fusion during fertilization 
(Speijer et al., 2015). Although this is not conclusive 
evidence of meiotic sex, Speijer et al. (2015) conclude 
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that even limited recombination can be considered a 
form of sex.

ARCHAEPLASTIDA—RHODOPHYTA

The Rhodophyta are organized in this section as in 
Graham et  al.  (2022). Certain groups for which no in-
formation could be located are not included below, 
including the Rhodellophyceae. Hansen et al.  (2019) ob-
served two distinct growth phases in a new species of 
Stylonematophyceae, but no information on the life cycle or 
reproductive system for this species or group is available.

Cyanidiophyceae

Until the work of Hirooka et al. (2022), meiotic sex was 
unknown in this group of unicellular red algae. The 
genus Galdieria exhibits an alternation of a cell-walled 
diploid and cell wall-less haploid phases, both of which 
are capable of vegetative reproduction through mitotic 
divisions. The diploid phase is what appears to domi-
nate in natural populations and gametes are isoga-
mous (Hirooka et al., 2022). The alternation between a 
diploid and a haploid phase may be ancestral prior to 
the divergence of other red algae and the lineage that 
includes the green algae and plants. The relative fre-
quencies of haploid and diploid cells as well as sexual 
versus asexual reproduction are unknown.

Porphyridiophyceae

Bhattacharya et  al.  (2013) have observed genetic 
evidence of meiotic machinery in the full genome se-
quence of Porphyridium purpureum, suggesting the 
occurrence of meiotic sex. The life cycle and relative 
contributions of sexual versus asexual reproduction are 
not known in natural populations.

Compsopogonophyceae

The two monospecific genera, Compsopogon and 
Boldia, are thought to reproduce solely by the produc-
tion of monospores (i.e., apomixis). The ploidy for both 
taxa is unknown. As cryptic meiotic sex has been ob-
served in other Rhodophyte taxa, empirical evidence of 
the reproductive mode is necessary in these two algal 
genera (see also Krueger-Hadfield et al., 2024).

Bangiophyceae*

The Bangiophytes undergo a biphasic alternation 
between a gametophytic blade and a filamentous 

sporophyte (called the conchocelis). Drew (1949) dem-
onstrated the connection between the two phases in 
Porphyra, revolutionizing nori aquaculture. Bangiophytes 
can undergo both apomixis and meiotic sex. Archespores 
are produced in specialized sporangia in Bangia and 
Neopyropia as well as spores on the edges of Porphyra 
blades (Graham et al., 2022). Much of the work on these 
algae has focused on taxonomy (Brodie et  al.,  2008), 
with far fewer studies investigating the structure of pop-
ulation genetics. Blouin and Brawley  (2012) concluded 
that there was evidence for apomixis based on the re-
sampling of genotypes using amplified fragment length 
polymorphisms (AFLPs). Eriksen et al.  (2016) and Cao 
et  al.  (2018) also interpreted their results as evidence 
for apomixis, but both studies were based on a hand-
ful of markers only. The former used three microsatellite 
loci derived from expressed sequence tags (ESTs) and, 
therefore, the loci were unlikely to be neutral. The latter 
used only five single nucleotide polymorphisms (SNPs) 
derived from an RNA-seq dataset. The resampling of the 
same multilocus genotype is likely due to poor polymor-
phism with such a small set of molecular markers (see 
Arnaud-Haond et  al.,  2007) as well as working with a 
haploid phase in which only one allele will be observed 
per locus (see, as an example in a Florideophyte red 
alga, Lees et al., 2018). Yet, Varela-Álvarez et al. (2018, 
2022) described polyploidy in the supposedly haploid ga-
metophytic blade of Porphyra spp. in the North Atlantic 
(although they referred to gametophytes as monoecious 
and dioecious). This raises questions about the ploidy 
of each phase and across taxa. Angiosperms and ferns 
are almost all polyploid (Soltis et al., 2015), but the role of 
polyploidy and reproductive system variation (see discus-
sion in Kearney, 2005) is still poorly understood in algae. 
Genotyping the conchocelis and gametophytic phases 
of the Bangiophytes is critical for accurately assessing 
the relative rates of sexual and asexual processes as 
well as employing methods (e.g., flow cytometry, Varela-
Álvarez et al., 2018) to determine ploidy levels as well.

Florideophyceae*

Most Florideophytes undergo a “triphasic” alternation 
of the gametophyte, the carposporophyte, and the tet-
rasporophyte. Cytologically, the life cycle is triphasic, but 
genetically and ecologically, the life cycle is biphasic as 
the carposporophyte remains on the maternal gameto-
phytic thallus. Maggs  (1988) highlighted the spectacu-
lar diversity in red algal reproduction, and this has been 
shown based on a survey of studies using population 
genetic tools (Krueger-Hadfield, Guillemin, et al., 2021). 
Krueger-Hadfield et al. (2024) recently drew attention to 
the lineages of freshwater red algae, and specifically the 
Batrachospermales, in which there are switches between 
sister taxa in monoicy and dioicy that are representative 
of that described in brown algae (Heesch et al., 2021). 
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Data on population genetics in Batrachospermum gela-
tinosum are forthcoming (see Crowell et al., 2024).

Patterns of geographic parthenogenesis via apomixis 
have been shown in Florideophytes in both gametophytes 
(e.g., Mastocarpus spp., Fierst et  al.,  2010; Krueger-
Hadfield, Kübler, & Dudgeon, 2013) and tetrasporophytes 
(Gabrielson et al., 2002). Fragmentation is also common 
in many taxa, including economically and ecologically 
important species, such as those in the Gracilariales 
(Guillemin et  al.,  2008; Krueger-Hadfield et  al.,  2016). 
Sexual reproduction has been demonstrated through both 
direct (i.e., paternity analyses) and indirect approaches 
(i.e., population genetic summary statistics) in Gracilaria 
gracilis (Engel et al., 1999, 2004) and Chondrus crispus 
(Krueger-Hadfield et  al.,  2011, 2015; Krueger-Hadfield, 
Roze, et al., 2013). Gamete unions in G. gracilis were allog-
amous; in other words, they occurred between unrelated 
gametophytes (outcrossing in Figure 1). By contrast, in 
the same intertidal zone and in C. crispus, gamete unions 
were mostly between sibling gametophytes (selfing in 
Figure 1; more accurately endogamous and intergame-
tophytic selfing). Recently, Heiser et al. (2023) observed 
evidence for both vegetative reproduction and selfing in a 
Plocamium sp. in Antarctica. Unlike in the gametophyte-
dominated C. crispus, the Plocamium sp. sites were dom-
inated by tetrasporophytes. The contrast between the 
phase dominance in C. crispus and Plocamium sp. high-
lights some of the inherent challenges to working on hap-
loid–diploid algae and using tools of population genetics 
(see discussion in Krueger-Hadfield & Hoban,  2016). 
Unfortunately, there are too few datasets (see review in 
Krueger-Hadfield, Guillemin, et al., 2021, and more recent 
work by Williams et al., 2024) in which these tools have 
been used to explore the tremendous diversity of repro-
ductive modes described by direct observation by earlier 
authors (Hawkes, 1990; Maggs, 1988). Thus, at present, 
we cannot conclude whether G. gracilis and C. crispus 
represent end points on a spectrum of reproductive sys-
tem diversity.

ARCHAEPLASTIDA—
CHLOROPHYTA

The Chlorophytes are organized in this section as in 
Graham et al. (2022). The Prasinophytes are included 
under this subheading, subsuming a great deal of di-
versity (see Graham et  al.,  2022). Certain groups 
for which no information could be located are not in-
cluded below, including the Pedinophyceae and the 
Chlorodendrophyceae.

Prasinophytes

Prasinophytes are known to produce resting cysts, also ob-
served in many other unicellular algae. The first evidence 

for meiotic sex was provided by Suda et  al.  (1989) in 
Nephroselmis olivaceae, in which morphologically similar 
gametes were produced and thought to be heterothallic. 
Upon fertilization, the zygote underwent meiosis, produc-
ing four daughter cells. Suda et al. (2006) subsequently 
compared vegetative cell division and sexual cell fusion. 
The diploid phase for Prasinophytes is thought to be the 
zygote with the rest of the life cycle spent in the haploid 
phase (Niklas & Kutschera, 2009).

Trebouxiophyceae

This group of algae live mainly in terrestrial habitats and 
includes many unicellular taxa as well as more complex 
colonial and filamentous forms. Fuckikova et al. (2015) 
compiled all indirect, direct, and genetic/genomic evi-
dence of meiotic sex in this group. The life cycle is 
presumably haploid. Very little work exists document-
ing the variation in life cycle or reproductive system in 
natural populations.

Ulvophyceae*

This group of green algae attracted the attention of 
Otto and Marks  (1996) as a group of eukaryotes with 
which to test the hypothesis that the reproductive sys-
tem is correlated with the life cycle. Variation in the life 
cycle includes diploids (e.g., Caulerpa, Avrainvillea), 
“isomorphic” alternations between gametophytes and 
sporophytes (e.g., Ulva), and the alternations between a 
haploid phase and a unicellular diploid zygote called the 
codiolum phase (i.e., in the Ulotrichales). Most data on 
green algae to date are based on direct observations in 
which all reproductive modes—vegetative reproduction, 
apomixis, and meiotic sex—are known to occur.

Vegetative reproduction through fragmentation 
or patch expansion of holdfasts is known in many 
Ulvophytes, including Caulerpa taxifolia (Phillips, 2009), 
Cladophoropsis membrancacea (van der Strate et  al., 
2002), and, more recently, Avrainvillea lacerata (Thornton 
et al., 2024). Many taxa are also capable of producing 
gametes or spores through apomixis, which has been 
shown using data on population genetics in Ulva sp. (as 
Enteromorpha linza, Innes & Yarish, 1984). In C. membra-
nacea, as vegetative growth filled in space, vegetative re-
production also led to the spatial distribution of repeated 
genotypes, and due to these asexual processes, inter-
gametophytic selfing and inbreeding are likely, although 
all mats were composed of multiple genotypes (van der 
Strate et al., 2002). Many taxa are also capable of pro-
ducing gametes or spores through apomixis, which has 
been shown in Ulva sp. (as Enteromorpha linza, Innes & 
Yarish, 1984). In Ulva sp., the apomictic thalli are diploid 
and likely bypass meiosis to produce zoospores (Ichihara 
et al., 2019). Few other population genetic studies exist 
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in which both gametophytes and sporophytes have been 
studied in haploid–diploid Ulvophytes. Arnaud-Haond 
et al. (2017) observed evidence of higher genotypic di-
versity in the native range of the diploid Caulerpa taxifolia 
in Australia as compared to the Mediterranean Sea into 
which it has been introduced. Yet, the relative frequency 
of asexual versus sexual reproduction in many Caulerpa 
populations remains largely unknown. This is broadly a 
problem across all Ulvophyte algae despite the elapse of 
almost 30 years since Otto and Marks (1996) highlighted 
the role of these algae for understanding variation in re-
productive systems.

Chlorophyceae

Chlorophytes include a remarkable diversity of unicellu-
lar and filamentous taxa (Graham et al., 2022). In addition 
to mitotic cell divisions or fragmentation (depending on 
the type of alga as a form of vegetative reproduction), 
chlorophytes also produce zoospores, aplanospores, 
and autospores. Chlorophytes are thought to be hap-
loid, and meiotic sex has been described, for example, 
in Chlamydomonas reinhardtii (see summary in Graham 
et al., 2022). Different species can be homothallic or het-
erothallic. However, there are few studies that have in-
vestigated natural populations to determine the relative 
amounts of sexual versus asexual reproduction. One 
study, Brown et al. (2016), used the diversity in the inter-
nal transcriber spacer rRNA region 2 (ITS2) in a bloom of 
a snow alga to determine that the bloom was dominated 
by vegetative reproduction (i.e., mitotic cell divisions). 
However, the ITS2 rRNA region cannot be used to de-
termine whether a form of asexual reproduction is occur-
ring, as many individual cells within a bloom will share the 
same ribotype even if meiotic sex occurs during blooms. 
This barcode gene is not dissimilar to the CMM gene used 
in the haptophyte E. huxleyi bloom by Krueger-Hadfield 
et al. (2014), in which there were unique genotypes and 
repeated genotypes that shared the same CMM. Thus, 
polymorphic markers and appropriate sampling tools are 
needed to resolve these questions in the Chlorophytes.

ARCHAEPLASTIDA—
STREPTOPHYTA

The Streptophyte algae are composed of several 
important lineages. Meiotic sex is not known in the 
Mesostigmatophyceae, Chlorokybophyceae, and 
Klebsormidiophyceae (Graham et al., 2022).

Zygnematophyceae

Species can be unicellular and filamentous species 
with no flagellated gametes. Mating occurs with the 

physical pairing of filaments or single cells in a pro-
cess known as conjugation (see Graham et al., 2022). 
Vegetative reproduction occurs through fragmenta-
tion in filamentous forms or the production of spores 
from unpaired cells. The relative frequency of meiotic 
sex, or conjugation, in natural populations is unknown 
as sexual stages are unknown for many taxa (see re-
view by Coesel & Krienitz, 2008 for more information 
and relevant citations of mating experiments).

Coleochaetophyceae

Species are periphytic, growing on both living and 
nonliving substrates. Zoospores are produced through 
apomixis and can rapidly increase in population size. 
Meiotic sex occurs with unflagellated egg cells and 
flagellated sperm cells. In some species, eggs are not 
released, similar to in land plants (Graham et al., 2022); 
however, the relative frequencies of different reproduc-
tive modes in nature are poorly described.

Charophyceae*

Named for the genus Chara, these species are ecologi-
cally important in lakes and streams, and a few species 
exist in brackish habitats. Vegetative reproduction can 
occur from rhizoids and bulbils (Graham et  al.,  2022). 
Charophytes produce visible gametangia that make 
sperm or eggs. Following fertilization, the zygote is a 
thick-walled cell that may be resistant to environmental 
stress. Meiosis is thought to occur in the zygote, and only 
one meiotic product survives. Thus, adult Charophytes 
are thought to be haploid and can be either monoicous or 
dioicous. (Note: This is often written as monoecy and di-
oecy when describing the Charophytes, Proctor, 1971a). 
Proctor (1971b) described crosses between various pop-
ulations of Chara and observed patterns of reproductive 
isolation, suggesting these taxa are not cosmopolitan. 
Schaible et al. (2011) observed two distinct populations, 
one cluster composed of sexual Chara (including males 
and females), and the other composed of apomictic fe-
males. Tests of variation in the reproductive system in 
a haploid taxon would shed light on patterns observed 
in other macroalgae. Yet, Haig  (2010) questioned how 
much we really know about Charophyte life cycles and 
advocated for a reappraisal of these taxa.

DISCOBA

Euglenophyceae

The Euglenoids are single-celled flagellates. Meiotic 
sex is thought to occur rarely, if at all (e.g., see Graham 
et  al.,  2022). Indeed, Rosowski  (2003) concluded 
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that vegetative reproduction through mitotic cell di-
visions is the only mode of reproduction. Moestrup 
and Enveldson  (2019) recently drew attention to the 
overlooked and forgotten work of Biecheler  (1937), 
in which the fusion and formation of cysts were ob-
served in a species of Euglena. As meiotic sex has 
been observed in other Euglenoids that are human 
parasites, it is plausible that it also occurs in photo-
synthetic species. Speijer et  al.  (2015) showed that 
homologs of proteins involved in fusion are present in 
the Euglenozoa, but this may refer to human parasitic 
taxa, as there is no specification as to the types of 
Euglenoids in their figure. Since meiotic sex is pre-
sumed to be ancestral in all eukaryotes and putative 
genetic machinery for meiotic sex has been observed 
in the Euglenoids, it follows that meiotic would also 
occur in the photosynthetic lineages. With the recent 
publication of the Euglena gracilis genome (Ebenezer 
et al., 2019), it will be possible to search for meiotic 
machinery accompanied by further study to explore 
meiotic sex broadly across this group, including the 
photosynthetic taxa.

FUTURE DIRECTIONS

Our understanding of algal reproductive systems is crit-
ical for predicting algal evolution. This knowledge gap 
is all the more critical because we are living in a period 
of rapid environmental change that will profoundly in-
fluence algal evolutionary ecology. This perspective is 
part of a larger set of papers published in 2024 that ad-
dresses different aspects of algal biology in light of cli-
mate change (Coleman, 2024). Here, the general dearth 
of information about reproductive modes broadly across 
algae is obvious. We need to quantitatively assess the 
prevailing reproductive mode, which directly affects a 
population's ability to respond to environmental change 
through phenotypic evolution (Orive et  al.,  2017). 
However, most eukaryotic taxa, including many of the 
unicellular algae described in this perspective, cannot 
be cultured in the lab (del Campo et al., 2014). Tools de-
veloped in multicellular animals and angiosperms—or 
even the macroalgae for which data on population ge-
netics exist—are often not tractable in microscopic or-
ganisms where generation times are short, population 
sizes are large, and DNA extraction from single cells 
(i.e., unique individuals) is difficult. When we can grow 
microalgae in the laboratory, we impose artificial se-
lection that leads to limited and often unrepresentative 
views of natural diversity (see discussion in Krueger-
Hadfield et al., 2014). As such, the characterization of 
microalgal reproductive modes cannot be predicted by 
the observation of organisms themselves, especially 
for the unculturable majority. Therefore, characterizing 
microalgal reproductive modes in natural populations, 
and this is true for the majority of macroalgae as well, 

is only possible through approaches using population 
genetics (Tibaryrenc,  1997). Yet, it is curious that in 
some taxa, such as in dinoflagellates, the cryptic na-
ture of sex is accepted despite the similarity between 
gametes and vegetative cells, while in other lineages, 
such as euglenoids, it is assumed to be absent even 
though it has been observed in related taxa of the 
same lineage. In other eukaryotes, such as Candida 
species (Sherwood & Bennett, 2009), parasexual pro-
cesses may occur with limited recombination. Speijer 
et  al.  (2015) concluded that this could be considered 
a form of sex. The remarkable plasticity in the fungi 
(Sherwood & Bennett, 2009) suggests that we may ob-
serve similar diversity in other unicellular taxa, such as 
unicellular algae, that do not fit our conventional views 
of meiotic sex.

It is an exciting time to combine ecology and genetics 
in phycology. The boundaries of population genetics are 
constantly being pushed (see as an example, Stoeckel, 
Arnaud-Haond, & Krueger-Hadfield,  2021). More and 
more algal genomes are rapidly emerging through proj-
ects like Phaeoexplorer (Denoeud et al., 2024; https://​
phaeo​explo​rer.​sb-​rosco​ff.​fr/​home/​) or Rhodoexplorer 
(Lipinska et al., 2023; https://​rhodo​explo​rer.​sb-​rosco​ff.​
fr/​home/​). Additionally, new tools with which to distin-
guish phases based on sex determination systems are 
available (e.g., Ahmed et  al.,  2014; Krueger-Hadfield, 
Flanagan, et al., 2021; see also Coelho & Umen, 2021). 
Finally, appropriate methods that facilitate the charac-
terization of asexual (i.e., clonal) lineages are avail-
able (e.g., HiPlex SNP genotyping, Delord et al., 2018) 
that do not require the same laborious development 
as microsatellite loci. This will rapidly expand the ca-
pacity with which to explore patterns in populations 
genetics in taxa for which molecular markers do not 
yet exist. We are at an opportune time to apply some-
thing Haig  (2010) wrote about Charophyte life cycles: 
“Common knowledge is sometimes collective misin-
formation, and it is worthwhile to occasionally subject 
what everybody knows to critical reappraisal” (p. 861).
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