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Convergent evolution of the
annual life history syndrome
from perennial ancestors
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Despite most angiosperms being perennial, once-flowering annuals have evolved
multiple times independently, making life history traits among the most labile trait
syndromes in flowering plants. Much research has focused on discerning the
adaptive forces driving the evolution of annual species, and in pinpointing traits that
distinguish them from perennials. By contrast, little is known about how ‘annual
traits’ evolve, and whether the same traits and genes have evolved in parallel to
affect independent origins of the annual syndrome. Here, we review what is known
about the distribution of annuals in both phylogenetic and environmental space
and assess the evidence for parallel evolution of annuality through similar
physiological, developmental, and/or genetic mechanisms. We then use
temperate grasses as a case study for modeling the evolution of annuality and
suggest future directions for understanding annual-perennial transitions in other
groups of plants. Understanding how convergent life history traits evolve can help
predict species responses to climate change and allows transfer of knowledge
between model and agriculturally important species.

KEYWORDS

annual, perennial, evolutionary precursors, phylogeny, parallel evolution, convergent
evolution, semelparity, iteroparity

Introduction

Inquiring into the predictability of evolution, Stephen Jay Gould famously wrote “Replay
the tape [of life] a million times ... and I doubt anything like Homo sapiens would ever evolve
again” (Gould, 1989). Although a do-over of Earth’s evolutionary history is not possible to test
this hypothesis, the fact that certain traits have evolved multiple times independently - a
phenomenon known as convergence - speaks to some level of determinism in the direction of
evolution (Mahler et al., 2013; Blount et al., 2018). The nature of this determinism is known to
be derived from interplay of similar selective pressures, shared evolutionary history (historical
contingency), and the genetic architecture contributing to ancestral phenotypes.
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Convergent evolution. Evolution of a character from one trait/state to another, two or more times independently, regardless of the ancestral trait/state of that

character. Also known as homoplasy. See Losos (2011) for a discussion on how this includes early definitions of ‘parallelisms’.

Parallel evolution. The evolution of a convergent trait involving the same or similar mechanisms. Mechanisms can be defined broadly as sub-traits, developmental

pathways, genes, nucleotide changes, epigenetic modifications, etc.

Evolutionary precursor. An ancestral trait/state that makes convergent evolution of a related trait more likely. Sometimes referred to as a positive constraint.

Phase change. A time period that marks the resetting of a plant’s physiological state, thus determining the form of its growth and development. The most universal

phase change in plants is vegetative to reproductive.

Juvenile-to-adult phase change. A physiological change during the vegetative period of growth when plants become competent to respond to signals that induce

flowering.

Floral competency. A physiological state attained with age, shortening photoperiods, chilling temperature, and/or their interaction, whereby individual plants can

respond to signals, such as lengthening photoperiods and warm temperatures, that induce flowering.

Understanding the basis of convergent evolution is critical to
accurately predicting organismal responses to climate change.
Furthermore, by deciphering the degree to which convergent
traits have evolved through the same (“parallel]”) mechanisms
(Box 1) (see Stuart, 2019), we can potentially extrapolate
knowledge from model organisms to other close relatives with
similar traits and that are agriculturally important or face high
extinction risk.

Hundreds of convergent traits have been described for plants,
from the relatively simple repeated evolution of bilateral from
radially symmetrical flowers (Hileman, 2014), to the more
complex multiple origins of C, from C; photosynthesis (Heyduk
etal, 2019). In terms of life history traits, transitions between long-
and short-day-responsive or high- and low-temperature-induced
flowering have occurred repeatedly in angiosperms, as a result of
spatio-temporal variations in climate (Preston and Sandve, 2013;
Preston and Fjellheim, 2020; Fjellheim et al., 2022; Preston and
Fjellheim, 2022). Two additional, intertwined life history traits are
generation time and reproductive determinism (Crews and
DeHaan, 2015; Salguero-Gomez et al., 2016; Friedman, 2020). At
one extreme, such as in the model species Arabidopsis thaliana
(Brassicaceae), are plants that live less than a year (annuals) and
undergo whole-plant senescence upon first reproduction
(semelparity/monocarpy). At the other extreme are those that live
well over a year (perennials) and reproduce multiple times during
their lifetime (iteroparity/polycarpy). Although perenniality and
iteroparity usually co-occur, rare but independent origins of
perennial, semelparous species have been documented, often
associated with habitats that slow growth (e.g., alpine zones) or
woody species (e.g., bamboos) with highly synchronous
reproduction (Young and Augspurger, 1991; Keeley and
Bond, 1999).

Despite evidence that generation time and parity can be
unlinked (Young and Augspurger, 1991; Salguero-Gomez et al,,
2016; Friedman, 2020), a very common transition in plant life
history syndromes is from iteroparous perennials (hereafter
perennials) to semelparous annuals (hereafter annuals, Figure 1).
These contrasting strategies are akin to the pace-of-life syndrome in
animals (Montiglio et al., 2018), with variation in generation time
being specifically determined by predetermined genetic (i.e. age-
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and senescence-based), rather than broader external (e.g., disease-
or accident-based), factors (Nooden and Leopold, 1988; Munne-
Bosch, 2008). Differences in both genetically programmed
generation time and parity are the product of multiple underlying
physiological and developmental traits, and a major unresolved
question is the degree to which annual and perennial syndromes
have evolved through the deployment of parallel mechanisms.

Here, we outline what is known about the phylogenetic history
of annuals and perennials in angiosperms, and briefly review the
evidence that annuals have evolved repeatedly in response to
seasonal or inter-annual climate extremes. We then examine
annuality-perenniality from a developmental perspective to define
(1) how genetically programmed generation time and parity
develop temporally and spatially within a plant, and (2) what
growth and architectural features are correlated with these life
history syndromes. Finally, we discuss the extent to which
perennial to annual transitions have occurred through parallel
changes in flowering time, whole plant physiology, gene
expression, and genetic variation; and propose future directions
for furthering understanding of the evolutionary basis of life history
syndrome convergence.

Phylogenetic distribution of annuals
and perennials in angiosperms

Flowering plants are generally assumed to have originated as
perennials, with annuals representing the derived state (Jeffrey,
1916; Ames, 1939). Shifts between life history strategies were long
thought to be unidirectional, from perennials to annuals (Stebbins,
1957; Stebbins, 1982), but with increasingly detailed phylogenetic
studies, a small number of well-documented cases of annual-to-
perennial reversals have come to light. Famous examples are found
in the legumes (Medicago; Bena et al., 1998, Lupinus; Drummond,
2008) and Castilleja (Orobanchaceae; Tank and Olmstead, 2008).

Most angiosperms are perennial, with annuals constituting only
a small proportion of the species (<10%'; Supplementary Material I,
II; WCSP, 2018). Just three families account for a quarter of all
known annuals: the grasses (Poaceae, ca. 1,700 annual species),
daisies (Asteraceae, ca. 1,700 annual species) and legumes
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FIGURE 1

Distribution of annuals among angiosperm families. Families are shown in purple if at least one constituent species is annual; families consisting
entirely of perennials are shown in green. Filled circles represent the proportion of the species in a family that is annual (purple) or for which life
history data are missing (unknown; grey). The highest numbers of annual species are found in three, large families but the proportion of annuals
in these families is not exceptional (Asteraceae, 7%; Fabaceae, 5%), although higher for Poaceae (17%). However, the highest proportions overall
are found in small families comprising fewer than 10 species, including the monotypic Halophytaceae (Caryophyllales, Superasterids),
Limnanthaceae (Brassicales, Rosids) and Neuradaceae (Malvales, Rosids). Tree based on Magallon et al. (2015); data based on WCSP (2018) and
extended upon using the literature and consultation with experts (Supplementary material |, I1). The definition of annuals used in this figure
includes terrestrial, aquatic and polymorphic species plus those scored as ‘biennials’ in the literature (see Footnote 1).
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(Fabaceae, ca. 1,000 annual species). These three families are not
each other’s closest relatives but belong to each of the three major
clades of angiosperms (Monocots, Asterids and Rosids, respectively;
Figure 1). In fact, the families that include annuals are distributed
across the entire angiosperm phylogeny, including the ANA-grade
and the Magnoliids (e.g., in Hydatellaceae and Piperaceae), and,
overall, annuals are found in almost a third" of all flowering plant
families (Figure 1). Thus, the small proportion of species that are
annuals have not arisen in a small proportion of lineages; rather,
annuals have evolved multiple times independently, in all major
clades of angiosperms. Furthermore, the distribution of annuals
among clades is not random, but phylogenetically structured
(Supplementary material III), suggesting a strong evolutionary
signal to the factors underlying the convergent evolution of
annuals. Understanding the nature of these underlying factors,
whether environmental, genetic, and/or developmental, is a
matter of broad appeal.

Environmental factors driving
convergent evolution of annual
traits

Selection for one life history strategy over another is likely to
depend on their respective prospects for maximizing lifetime
seed set, which is minimally determined by survival to
reproduction, average viable seed yield per reproductive
season, and number of reproductive seasons (Figure 2, Stearns,
1992). Given no evolutionary constraints, the outcome of
selection will depend on the ratio between adult and juvenile
survival, where annuals will be favored if juvenile survival is high
relative to adult survival and establishment (Figure 2, Stearns,
1992). This balance is largely determined by environmental
factors, and rapid life cycles are, in general, favored when
environmental variation across seasons is high, but year-to-
year variation is low (Charnov and Schaffer, 1973; Stearns,
1992; Franco and Silvertown, 1996; Monroe et al.,, 2019). In
this section, we briefly discuss what we know about the role of
environmental factors in shaping life history variation. We also
discuss the less well-documented patterns of phylogenetic

1 Exact numbers and phylogenetic distribution depend how exactly
‘annuals’ have been defined. There are 'obligate annuals’, which
constitute the majority of the species recognized in the literature. These
can be both terrestrial and aquatic. 'Facultative annuals’ can behave as
either annuals or perennials (varying over space and/or time) and
constitute about 20% of species categorised as annuals in the literature.
Finally, there are ‘biennials’, which are semelparous plants that live for two
growing seasons, or a single growing season but germinate in autumn
instead of spring (which makes them equivalent to 'winter annuals’). These
constitute about 6% of the species that can be considered annuals and are

particularly prevalent in Brassicaceae and Scrophulariaceae.
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relatedness within a community in relation to community-
level selection for annuals versus perennials.

Several studies suggest that annual plants have a selective
advantage over perennials in seasonally dry environments. Part
of this advantage comes from the fact that a successful annual
seedbank depends on dry storage conditions and that annuals
have an enhanced ability to outcompete already established
perennials under drought conditions during germination and
seedling growth (Corbin and D'Antonio, 2004; Monroe et al.,
2019). Annual species likely also become more competitive
under seasonally stressful and high disturbance conditions -
such as drought, heat, flooding, grazing, and erosion - which,
unlike perennials that need to invest in persistence, annuals can
escape as seed (Whyte, 1977; Pettit et al.,, 1995; Tofts, 2004;
Evans et al., 2005; Kadereit et al., 2006; Cruz-Mazo et al., 2009;
Nunes et al., 2019; Massante et al., 2021). Although most studies
indicate that annuals are frequent in areas with predictable
drought, we are still in need of large empirical studies to test
the generality of these results. Interestingly, high-latitude
winters, which are among the most stressful seasonal
environments for plants, do not appear to have selected for
increased annuality (Lindberg et al., 2020; Massante et al., 2021).
One explanation for this is that lower growth rates at cold
temperatures can limit a plant’s ability to complete its life cycle
during the short growing season (Korner and Larcher, 1988;
Ogburn and Edwards, 2015). A further explanation might be
that conditions for seed banks are suboptimal at high latitudes,
where soils can be relatively warm and moist under the
snowpack. The latter hypothesis remains to be investigated.

Annual species are repeatedly found in similar types of
environments, indicating that the same selective pressures are
most likely at play in most perennial to annual transitions.
However, as most studies do not account for phylogeny, it is not
known if transitions happen through independent or parallel
mechanisms, and/or if origins of annuality are overestimated by
including annual species that evolved from a common annual
ancestor. In studies of species community assemblages in specific
environments, it has been suggested that phylogenetic over-
dispersion of species (i.e., species are less related than expected
by chance) is the result of independent convergent evolution,
whereas constraints and/or conservation of functional traits
through parallel mechanisms would lead to non-random
clustering of annual species (Cavender-Bares et al., 2009).
Recently, some studies of community assemblages in arid
environments have taken phylogeny into account (Garcia-
Camacho et al., 2017; Massante et al., 2021). Massante et al.
(2021) studied species richness and relatedness across a climate
gradient of the arid Mediterranean and found lower species
richness in more arid regions for perennial, but not annual,
species. Furthermore, they found that perennial species showed
overdispersion across an aridity gradient in the Mediterranean,
indicating independently converged traits, whereas annuals were
phylogenetically clustered at different phylogenetic scales in
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Developmental and physiological processes influencing reproductive output in annual and perennial taxa. The total outcome is determined by
resources available for allocation to these processes and the trade-offs between them.

areas of medium to high aridity, evidencing single origins of the
annual syndrome within distinct regions. In contrast to this
result, a study by Garcia-Camacho et al. (2017) showed that
over-dispersion of annual species in dry areas was the result of
independent convergent evolution of drought resistance
strategies. It must be noted that other processes besides
adaptation, such as environmental filtering and dispersal,
could contribute to strong phylogenetic structure in arid
communities, and the underlying factors shaping the
community assemblages must thus be investigated specifically.

The fact that annual and perennial species are often found in
sympatry also suggests that similar environments can select for
different life history strategies, and/or that not all plants are able to
optimize their strategies due to temporal, historical, or developmental
constraints and trade-offs. In other words, environmental factors
cannot be the whole explanation for the convergent evolution of
annuality. Exaptations, defined as the cooption of an existing trait for
a novel function, might also create seemingly convergent phenotypes
(Losos, 2011). For example, it is possible that annual species adapted
to seasonal drought disperse more easily into novel unstable
environments than their perennial counterparts.
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Developmental and physiological
correlates of life history trait
variation in model taxa

Annual and perennial life histories are not particularly well-
defined or discrete traits, but rather compound quantitative
traits that together contribute to trade-offs between survival to
reproduction, seed production, and continued vegetative growth
following senescence. The widespread convergence of annual
syndromes (Figure 1) not only offers a means to investigate
which traits are required for a particular life history strategy, but
also to determine the extent to which parallel mechanisms have
been deployed in the evolution of individual characters
constituting these syndromes. In this section, we begin
addressing these issues by describing what is known about the
physiological and developmental correlates of annuality versus
perenniality across flowering plants. We then suggest future
avenues for comparing these quantitative traits across
phylogenetically diverse clades with variation in life
history syndromes.

frontiersin.org


https://doi.org/10.3389/fpls.2022.1048656
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Hjertaas et al.

ANNUAL

10.3389/fpls.2022.1048656

PERENNIAL

(Poa annua) (Poa supina)
RAPID DEVELOPMENT PERSISTENCE AND DEFENSE
EARLY DEVELOPMENT
RELATIVE GROWTH RATE LEAF TISSUE DENSITY

LEAF PRODUCTION RATE

LATER DEVELOPMENT

REPRODUCTIVE STRUCTURES
SEED PRODUCTION

PLANT N CONCENTRATION
SPECIFIC LEAF AREA
LEAF N CONCENTRATION

/

SPECIFIC ROOT LENGTH

FIGURE 3

&
{

W

TOTAL BIOMASS

WY

ROOT BIOMASS

ROOT : SHOOT RATIO
ROOT TISSUE DENSITY
ROOT DIAMETER

Physiological differences between annual and perennial plants. Traits listed in the figure are higher/larger in the respective strategies.

Variation in growth traits

It has been shown repeatedly that annual plants maximize
their reproductive effort through high relative growth rates
(RGRs), large leaf areas, large allocation of resources to
reproductive structures, and high biomass production and
specific root lengths (Figure 3, Grime and Hunt, 1975; Bazzaz
et al., 1987; De Souza and Da Silva, 1987; Garnier, 1992; Roumet
et al, 2006; Atkinson et al, 2016; Poorter et al, 2009). By
contrast, perennials maximize persistence, defense, and stress
tolerance through high above- and below-ground tissue density
and allocation of a higher proportion of biomass to roots
(Figure 3, Grime and Hunt, 1975; Bazzaz et al., 1987; De
Souza and Da Silva, 1987; Garnier, 1992; Roumet et al., 2006;
Atkinson et al,, 2016). For example, in a set of studies on
congeneric annual and perennial species pairs of grasses it was
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found that similar physiological traits distinguished the two life
history syndromes (Garnier, 1992; Garnier and Laurent, 1994;
Garnier and Vancaeyzeele, 1994; Garnier et al., 1997). It should
be noted that these studies failed to correct for phylogenetic
relatedness, potentially inflating the replicates available for
comparison. Furthermore, it is unclear what the ancestral state
for each trait was, and whether the complex of ‘annual’ or
‘perennial’ traits evolved in a similar order.

A meta-analysis that did account for phylogeny considered
3,000 congeneric annual and perennial species pairs from across
the angiosperms (Vico et al., 2016). As expected, perennials had
a higher fraction of root mass to total biomass, root:shoot ratio
and dry biomass of both roots and shoots relative to annuals
whereas annual species had a higher fraction of seed mass to
total biomass, CO2 assimilation rate per unit leaf area, specific
leaf area, relative growth rate, and N content in both leaves and
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the whole plant relative to perennials. These data convincingly
demonstrate several traits that are part of the life history
syndromes through convergent evolution. However, it should
be noted that the difference in single seed mass and seed dry
biomass between annual and perennial species disappeared
when accounting for cultivation status (Vico et al., 2016). This
suggests that at least some of the traits seemingly associated with
annuals might really be correlated with domesticated crops, such
as rice (Oryza sativa), maize (Zea mays), wheat (Triticum sp.)
and sorghum (Sorghum bicolor).

Indeed, in a study of wild and cultivated bean (Phaseolus),
there were only slight differences in a range of traits between
annual and perennial wild species, whereas there were large
differences in trait values between cultivated annual and
perennial species (Herron et al., 2020). Igea et al. (2017) also
performed a major study of seed mass evolution across
angiosperms and found no differences between annuals and
perennials. However, Humphreys et al. (2011) analyzed a small
clade of Southern Hemisphere grasses and did find differences in
seed characteristics between annual and perennial species, such
as presence of awns, hairs, and overall size. The latter authors
speculated that differences were related to the different burial
mechanisms employed by annual and perennial species, which
in turn relate to their different requirements for a seedbank.
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Variation in the extent and timing of
senescence, and its role in parity

Individual lifespan in plants is determined by a combination
of accidents, aging, and global senescence (Nooden and Leopold,
1988). However, whereas accidents and aging are likely to define
population-level variation in generation times of perennials, the
occurrence and/or timing of genetically programmed global
senescence is the key determinant of lifespan differences
between annuals and perennials (Munne-Bosch, 2008).
Senescence can be defined as the programmed cell death (PCD)
of whole organs and is employed universally across plants to
maintain nutrient balance and provide defense against damage
(Lim et al., 2007), often in association with specific seasons and life
history stages (Estiarte and Pefiuelas, 2015). In creeping
perennials, post-reproductive vegetative offspring (ramets or
plantlets) often undergo large-scale senescence, but premature
mortality is avoided at the colony (genet or whole plant) level
through the outgrowth of axillary meristems that develop beyond
the wave of PCD (Thomas et al., 2000) (Figure 4). Shrubs and
trees show similar pulses of large-scale senescence, but in contrast
to horizontally spreading perennials, regions of dead biomass are
maintained and recruited into structural support and nutrient
transport (Thomas et al., 2000).

1 1

Juvenile - adult
Veg - reproductive
Senescence

. Inflorescence
—>» 1year
—»  2"year
No. Tiller order

Hypothetical figure suggesting common mechanisms underlying transitions between perennial and annual life histories. Evidence from at least
some plant groups with mixed perennial and annual habits suggests heterochronic shifts in juvenile-adult (green ellipse) and/or vegetative-
reproductive (yellow ellipse) phase transitions. Relatively later transitions in perennial plants, combined with a potentially larger root to shoot
system, might allow increased shoot meristem development and/or outgrowth prior to first flowering. If phase transitions and senescence occur
successively on individual branches (labeled 1-4), late-developing branches in perennials that are juvenile upon the first waves of senescence

might be preserved in that state until the next growing season.
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In the case of annuals, post-reproductive senescence
resembles that of perennial ramets. However, a critical
difference is that no meristems escape from the leading edge of
PCD, leading to semelparity (Figure 4). The signal for global
senescence comes from hormone signaling by fruits and seeds
(Malik and Berrie, 1975; Lim et al., 2007; Ware et al., 2020;
Miryeganeh, 2021), but what defines the boundary around the
senescence zone has only recently started to be elucidated.
Research in A. thaliana suggests that senescence manifests
locally within each inflorescence and occurs only when (1) the
branch is competent to respond to senescence signals and (2) an
auxin signal comes from fruit proximal to the branch apex
(Ware et al., 2020). Given this localized senescence model, the
question remains as to why the underlying vegetative leaves
undergo PCD in concert with the inflorescences.

One possible explanation for whole-plant senescence in
annuals is that, unlike the inflorescences, senescence in
vegetative leaves is triggered by global source-sink dynamics, in
which case annuals that dedicate a large proportion of meristems/
biomass to fruit production will undergo whole-plant senescence
at first flowering. Alternatively, leaves near senescing
inflorescences might be more likely to receive senescence signals
than those farther away, such as on dedicated vegetative branches.
Indeed, in the agricultural practice of ratooning, annual monocots
such as rice, pineapple, and sugarcane can be forced to produce a
second annual crop from young axillary meristems when the older
reproductive branches are removed (Plucknett et al., 1970).
Whether this can be interpreted as a change in parity or simply
a delay in reproductive output is a matter of debate. Nonetheless,
removal of the senescence signal appears to block immediate
senescence of the remaining meristems.

Finally, spatio-temporal differences in senescence between
annuals and perennials might be linked to variation in
developmental age that provides competency to respond to
PCD signals (Balanza et al, 2018). In hybrids between
temperate annual and perennial grasses, longevity appears to
be a quantitative trait, with perennial genome dosage affecting
the number of subsequent reproductive bouts (von Bothmer
et al, 1983; Thomas, 1995; Jones et al., 1999). Hybrids thus
represent an important resource for analyzing architectural and
source-sink differences associated with the timing of whole-plant
senescence, as do comparative analyses in annual-perennial
pairs and classical experiments manipulating fruit load and
subsequent hormone signaling (Ware et al., 2020).

Variation in the time to first flowering

In addition to the occurrence and/or timing of global
senescence, a potentially important trait distinguishing annuals
from perennials is the length of time to first flowering (Figure 5;
Bergonzi and Albani, 2011). Flowering time is controlled by a
combination of internal and external signaling pathways that
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converge at the shoot apical meristem (SAM) to affect
developmental phase change. The ability to flower in response
to inductive conditions (e.g., warm lengthening days for
temperate taxa) is often predicated on an individual achieving
floral competency (Box 1) which in turn can be attained through
increasing development age, shortening photoperiods, cooling
(vernalizing) temperatures, and/or their interaction (Poethig,
2003). For example, unlike their annual relative A. thaliana,
Brassicaceae perennials such as Arabis alpina and Cardamine
flexuosa show increased sensitivity to vernalization as plants age
(Bergonzi et al., 2013; Zhou et al., 2013). As a result, individuals
of these species are often able to achieve floral competency only
after two winters. Furthermore, the length of time it takes to
saturate the vernalization response can vary considerably among
populations and species. To test the hypothesis that time to first
flowering is accelerated in annuals relative to perennials, and
that this is due to stronger age-dependent vernalization
sensitivity and/or increased saturation time (Figure 5), we
advocate for systematic experimentation across diverse annual-
perennial species pairs. This can be done by measuring the time
from germination to inflorescence production following
different periods of vernalization and giving fixed vernalization
periods at variable times post-germination.

In addition to flowering time, developmental age in some
species influences the timing and morphology of traits such as
spring leaf-out and specific leaf morphology. In A. thaliana, for
example, so-called juvenile stage plants have round hairy leaves,
enhanced rooting ability, and are often incompetent to flower;
whereas adult plants have narrow leaves, reduced rooting ability,
and are often competent to flower (Box 1; Evans and Poethig,
1995; Telfer et al., 1997). The length of the juvenile phase has been
investigated for several taxa, and ranges from just a few days in A.
thaliana to several years, as in the case of olive (Olea europaea)
(Zimmerman, 1972; Sgamma et al., 2014). Despite this, few studies
have explicitly compared the length of the juvenile phase between
closely related annual-perennial pairs to test the hypothesis that
adult phase onset is delayed in perennials.

Molecular basis for convergence in
life history trait variation

Most comparative genetics on annuals versus perennials
have focused on differences in the genes involved in the timing
and complexity of phase transitions, whereas the highly
polygenic basis of growth trait variation has only begun to be
deciphered (Alonso-Blanco et al, 2009). In this section we
briefly describe some of the known genetic pathways involved
in growth, phase change, and senescence, and discuss how they
might have been modified to affect life history transitions. We
also recommend avenues for future research, particularly
focusing on studies that will be required to test for parallel
evolution.
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The genetic pathway of age in Brassicaceae. The antagonistic age-dependent relationship between miR156 and miR172 negatively regulates
floral activators (SPLs) and floral repressors (AP2-like), respectively. A fast decline of miR156, triggered by cell division activity, in A. thaliana
versus A. alpina, explains the former’s response to vernalization at a very early age and why the latter requires an extended period of growth

before cold exposure.

Growth trait variation

We have little knowledge about the genomic architecture of
above and belowground growth traits that partially explain differences
between annual and perennial species (Vico et al., 2016). Previous
work primarily focused on candidate genes known to be involved in
cell division or elongation in model species, or analyses comparing
gene content and substitution ratios to find evidence of adaptive
evolution in annual versus perennial species. The latter approach, for
example, found five candidate gene families - kinases,
oxidoreductases, lactoylglutathione lyases, F-box proteins and zinc-
fingers — for growth differences between annual/perennial sister
species in Brassicaceae, many of which await functional validation
(Heidel et al., 2016).

An interesting group of genes that have started to be
investigated relative to aboveground growth are plant cyclins
that control commitment to cell division. Overexpression of one
of these proteins in tobacco (Nicotiana tabacum) resulted in
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more aboveground mass and faster flowering relative to non-
transgenic plants (Cockcroft et al., 2000). In the Festuca-Lolium
species complex, cyclins have been identified as candidates for
growth habit differences based on differential expression
between annual and perennial members (Czaban et al., 2015).
Ligases have also been explored in relation to regulation of
above- to below-ground resource allocation, for instance the E3
ubiquitin transferase/ligase PUB4 in A. thaliana. Single
nucleotide polymorphisms (SNPs) in this gene are associated
with both allometric scaling and hot temperatures, making it a
strong candidate for a trait related to life history (Vasseur et al.,
2018). Interestingly, E3 ubiquitin ligases have also been
identified as candidates for involvement in evolution of life
history in annual-perennial, but not in perennial-perennial
species comparisons of the Festuca-Lolium complex (Pooideae)
(Czaban et al., 2015). If PUB4 is found to be involved in growth
differences between annual-perennial Brassicaceae, this result
would suggest parallel recruitment of paralogous ligases for
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allometric scaling in the convergent origin of annuality in
Brassicaceae versus grasses.

Variation in discrete morphological traits

Beyond whole plant growth, many perennial species can be
differentiated from their annual counterparts by the presence of
continuously growing vegetative structures, such as rhizomes,
stolons, and tillers, which contribute to sustain perennial plants
during unfavorable conditions. In rice and sorghum (Sorghum sp.),
the loss of rhizome production has been mapped to different
mutations in RHZ2 and RHZ3, again suggesting parallel evolution
of this trait (Hu et al., 2003). In contrast, introgression of the short
arm of chromosome four from perennial Thinopyrum elongatum to
its close bread wheat relative results in regrowth from tillers
(Lammer et al.,, 2004), and this has been mapped to variation at
POST SEXUAL CYCLE REGROWTH 1 (PSCRI) (Abbasi et al.,
2020). PSCRI is the likely orthologue of TEOSINTE BRANCHED 1
(TBI) that together with GRASSY TILLERS 1 (GT1I) suppresses
tiller outgrowth in maize (Doebley et al., 1995; Whipple et al., 2011;
Wills et al,, 2013; Dong et al., 2019; Abbasi et al., 2020). TBI and
GT1 have been implicated in tiller suppression in the derived annual
species wheat, rice, and green foxtail (Setaria viridis) (Hu et al,
2018; Dong et al,, 2019). The gene TILLER NUMBER 1 (TINI)
controls tiller number in maize by repressing GT1 (Zhang et al.,
2019; Swentowsky et al,, 2021) Furthermore, perennial regrowth in
the maize relative Zea diploperennis has been linked to the QTLs
REGI, REG2 (Ma et al,, 2019), and REG3 (Swentowsky et al., 2021)
that putatively encode from GTI and its upstream negative
regulator TINI (Swentowsky et al., 2021). Future studies
comparing TBI, TINI, and GTI in different annual-perennial
pairs will be required to directly test the hypothesis that
mutations in these genes were responsible for convergent
evolution of annual traits across grasses, particularly given that
they are candidates for tillering in some annual grasses and
regrowth in others (Hu et al, 2018; Dong et al, 2019;
Swentowsky et al., 2020).

Extent and timing of senescence

The onset and extent of senescence clearly have major
impacts on plant lifespan and life strategy. However, finding a
genetic basis for variation in senescence has been hampered by a
general focus on this process in annual species, and the complex
nature of senescence signaling that is affected by the overall
architecture of a plant and its resource availability (Figure 4)
(Wu et al, 2012). Thomas (2013) ponders the idea that “the
difference between annuality and perenniality is essentially
quantitative, the consequence of genetically determined
variations in the balance between rates inward [i.e.,
organogenesis and recruitment] and rates outward [ie., exit
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through death]”. Assuming a conserved and highly coordinated
leaf senescence program, genes that affect growth rates (see
previous section) might be pursued as good candidates for
explaining the time at which senescence becomes global. Likely
other explanators would be genes involved in differential
competency to respond to senescence signals, such as those
involved in establishing developmental age (see next section),
and modifiers of the senescence pathways themselves.

From a genetically programmed perspective, all leaves in A.
thaliana have the same lifespan, which can be defined as short
relative to the slowing growth rate reached with the onset of
reproduction. The age at which these leaves become susceptible
to senescence signals is defined by several antagonistic proteins,
including the senescence repressor ONSET OF LEAF DEATH
(OLD) and the senescence activators OESARA1 (ORE1) and
ETHYLENE INSENSITIVE3 (EIN3) (Qiu et al, 2015). Leaf
senescence signals, such as the hormones ethylene and
jasmonic acid, appear to be regulated by both developmental
age and stress. For example, increased drought in the US Corn
Belt led to premature leaf senescence of maize, which in turn
decreased yield as a result of reduced nitrogen and sugar sources
(Wuetal, 2012). In rice and other annual plants, variation at the
STAYGREEN (SGR) locus that encodes a chlorophyll-degrading
Mg++-dechelatase affects the age of whole plant senescence, thus
modifying lifespan (Shin et al., 2020). Although we know of no
study that explicitly compares the action of OLD, ORE1, EIN3,
and SGR in annual-perennial pairs, partial silencing of SGR in
perennial ryegrass (Lolium perenne) increases forage quality
without any obvious effects on flowering time (Xu et al., 2019).
These data suggest that differences in the regulation and/or
biochemical function of proteins such as SGR could, in principle,
underlie differences in the maintenance of energy sources
required for continued vegetative growth at reproduction.

Despite limited work in perennials, data suggest general
conservation of the senescence process across life strategies that
involves macromolecule degradation and recycling, nutrient
remobilization, detoxification, and finally cell death (Lim et al.,
2007; Minina et al., 2013). Several senescence-associated genes
(SAGs) are responsible for these changes, but it remains unclear
how conserved the developmental function of these genes is
between annual-perennial pairs. In the perennial shrub
Catharanthus roseus, lifespan is extended by LEAFLESS
INFLORESCENCE (LLI) and shortened by EVERGREEN
DWARF (EGD). However, the fact that LLI mutants do not
become monocarpic cautions against these genes being strong
candidates for transitions to annuality (Kumari et al, 2010).
Moving forward, a particularly intriguing system for
understanding variation in senescence-based lifespan is the
perennial rice hybrid O. sativa x O. longistaminata. Unlike
annual O. sativa, this hybrid can produce abundant twice-
yearly harvests for up to four years, resulting in significantly
easier, cheaper, and more sustainable farming (Zhang
et al., 2022).
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Age pathway

The length of the juvenile stage is one character
hypothesized to distinguish annuals from perennials that are
derived from a recent common ancestor. A highly conserved
system for determining the juvenile-to-adult transition involves
two microRNAs: miR156, which inhibits the expression of
SQUAMOSA PROMOTOR-BINDING PROTEIN-LIKE (SBP/
SPL) genes involved in accelerating adult phase change and
flowering, and its antagonist miR172 that inhibits the expression
of APETALA2 (AP2)-like genes involved in repressing flowering
(Figure 5, Aukerman and Sakai, 2003; Axtell and Bowman, 2008;
Teotia and Tang, 2014; Wang and Wang, 2015; Ma et al., 2020).
As plants age and stored photosynthate increases, miR156 levels
decrease, resulting in the de-repression of SPL genes (Yu et al.,
2015; Hyun et al., 2017). At least in A. thaliana, de-repression of
SPLs causes the upregulation of miR172, together marking the
transition to adult growth and eventual flower production (Wu
et al., 2009).

Despite strong evidence that the miR156/SPL and miR172/
AP2 modules are conserved across angiosperms regardless of life
history, differential regulation of these modules in annuals
versus perennials has been posited. In A. thaliana, the activity
of Polycomb Repressive Complex 1 (PRC1) and 2 (PRC2), along

10.3389/fpls.2022.1048656

with cell division rate in the apical meristem, promotes the
temporal decline of miR156, demonstrating that developmental,
rather than absolute, age controls the juvenile-to-adult transition
(Xu et al., 2016a; Xu et al., 2018; Cheng et al.,, 2021). Emerging
evidence of a faster decline in miR156 levels in annual versus
perennial species (Park et al, 2017) could therefore suggest
that higher growth rates allow annuals to reach a certain
developmental age faster (Table 1). For temperate species that
require vernalization, this would predict that annual species
acquire the competency to respond to winter temperatures faster
than perennials.

Annuals such as A. thaliana, bread wheat (Hoogendoorn,
1984), barley (Sasani et al., 2009), and B. distachyon (Schwartz
et al, 2010) respond to vernalization immediately after sowing
and show relatively rapid declines in miR156 transcription, with
expression in the former species being synchronized in axillary
branches irrespective of chronological age (Park et al., 2017). By
contrast, the perennials Arabis alpina and Cardamine flexuosa
require five weeks of growth before cold exposure (Bergonzi
etal., 2013; Zhou et al., 2013), the former of which shows a slow
reduction in miR156 transcription that is autonomously
regulated in different meristems (Park et al., 2017; Ponraj and
Theres, 2020). A recent study also found a delayed accumulation
of miR172 in A. alpina relative to A. thaliana that negatively

TABLE 1 The antagonistic age-dependent relationship between miR156 and miR172 in annuals (A) and perennials (P).

Species Habit MIR156 high/low(er) MIR172 low/high(er) Reference
Zea mays Poaceae A Day 7/day 14 (Week 4) Chuck et al., 2007
Hordeum vulgare Poaceae A Day 11 Day 13 Tripathi et al,, 2018
Triticum aestivum Poaceae A Leaf 1-3/leaf 5-7 Leaf 1-5/leaf 7 Debernardi et al., 2022
Sorghum bicolor Poaceae A Leaf 1-4/leaf 5-6 Leaf 1-3/leaf 4-6 Hashimoto et al., 2019
Oryza sativa Poaceae A Leaf 1-2/leaf 2-3 Leaf 1-2/leaf 4-6 Tanaka, 2012
Panicum virgatum Poaceae P Seedling/adult Matts et al., 2010
Arabidopsis thaliana Brassicaceae A Day 12/day 19 Day 12/day 19 Wu et al., 2009
Cardamine flexuosa Brassicaceae P Week 1-3/week 4 Week 1-2/week 3-4 Zhou et al,, 2013
Arabis alpina Brassicaceae P Week 1-5/week 6 Week 1-5/week 6-8 Bergonzi et al., 2013; Zhou et al., 2020
Soybean Fabaceae A Leaf 1-2/leaf 3-4 Leaf 1-4/leaf 5-6 Yoshikawa et al., 2013
Acacia confusa Fabaceae P Juvenile leaf/adult leaf Juvenile leaf/adult leaf Wang et al,, 2011
Acacia colei Fabaceae P Juvenile leaf/adult leaf Juvenile leaf/adult leaf Wang et al., 2011
Nicotiana tabacum Solanaceae P Day 1-20/day 25 Day 1-20/day 25 Feng et al,, 2016
Passiflora edulis Passifloraceae p Leaf 3/leaf 6 Leaf 3/leaf 10 Silva et al., 2019
Fragaria x ananassa Rosaceae P Month 1-2/month 2 Month 1-2/month 2 Li et al., 2012

Malus Rosaceae p Node 1-40/node 80 Node 1-40'node 80 Du et al, 2015
Populus x canadensis Salicaceae P 1 month/1 year 1 month/Year 1 Wang et al., 2011
Eucalyptus globulus Myrtaceae P Juvenile leaf/adult leaf Juvenile leaf/adult leaf Wang et al,, 2011
Hedera helix Araliaceae P Juvenile leaf/adult leaf Juvenile leaf/adult leaf Wang et al., 2011
Quercus acutissima Fagaceae P Juvenile leaf/adult leaf Juvenile leaf/adult leaf Wang et al., 2011
Paeonia ostii Paeoniaceae P Year 1-2/year 3 Year 1-2/year 3 Han et al,, 2021

Persea americana Lauraceae P Month 1-year 1.5/year 10 Month 1-3/year 1.5-10 Ahsan et al., 2019
Macadamia integrifolia Proteaceae p Month 1-4/year 1-5 Unchanged Ahsan et al,, 2019
Mangifera indica Anacardiaceae P Month 1-6/year 10 Unchanged Ahsan et al., 2019
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corresponds to miR156 levels prior to vernalization (Zhou et al.,
2020). This is at odds with previous results that suggested a
requirement for vernalization to increase miR172 in the
Brassicaceae perennial (Bergonzi et al., 2013).

While little is known about the regulation of miR156 in
species outside of A. thaliana, a study into rice implicates PRC1
and 2 in both conserved and divergent roles of phase transitions.
Mutants of the putative LIKE HETEROCHROMATIN PROTEIN
I (LHPI), a PRC1/PRC2 accessory protein, in rice revealed an
extended juvenile phase with delayed flowering (Cui et al., 2020).
Although the A. thaliana BMII-prcl loss-of-function showed a
similar phenotype, A. thaliana lhpl mutants actually have a
shortened juvenile phase and flower earlier than wild-type plants
(Bechtold et al., 1993; Gaudin et al., 2001; Exner et al., 2009; Pico
et al, 2015). In addition, several other agents involved in
modulating miR156 expression have been identified, such as
the chromatin regulators PICKLE (Xu et al.,, 2016a), BRAHMA
(Xu et al,, 2016b), HTA9/11 (Choi et al., 2016), ARP6 (Xu et al.,
2018) and MSI1 (Kumar et al., 2020), the transcription factors
AGAMOUS-like 15 and 18 (Serivichyaswat et al., 2015), MYB33
(Guo et al, 2017; Guo et al., 2021) and members of the
NUCLEAR FACTOR Y family (Wei et al., 2017; Zhao et al.,
2020) as well as VAL genes (Fouracre et al., 2021). Whether these
or other signals are involved in differentially regulating the
temporal expression of miR156 to orchestrate delayed phase
transitions in annuals versus perennials is unknown.
Nonetheless, direct manipulation of miR156 levels under the
gibberellin 3 oxidase 2 (GA30x2) promoter increased branching
and overall grain yield in both seasonal and ratooning rice,
suggesting a strong link between developmental age,
architecture, and productivity (Liu et al., 2019).

Autonomous and vernalization pathways

Beyond the age pathway, the juvenile-to-adult transition in
Brassicaceae is controlled by down-regulation of the flowering
repressor FLOWERING LOCUS C (FLC) that is part of both the
autonomous and vernalization pathways (Michaels and Amasino,
1999; Whittaker and Dean, 2017; Kiefer et al., 2017; Soppe et al.,
2021). In winter annual accessions of A. thaliana, FLC is
epigenetically silenced when the plant experiences prolonged cold
and remain in a stable silenced state until embryogenesis, where it is
reset to ensure a vernalization response in the following generation
(Sheldon et al,, 2008; Crevillen et al., 2014). Crucially, the stable
silenced state occurs at the whole plant level allowing for activation
of inflorescences in all meristems. In perennial relatives of A.
thaliana, FLC orthologs exert similar yet distinct functions.
Studies into the perennial relative A. alpina have implicated the
FLC ortholog PERPETUAL FLOWERING 1 (PEPI) in contributing
to several aspects of the perennial life history (Wang et al., 2009;
Albani et al,, 2012; Hyun et al., 2019). In the vernalization-requiring
A. alpina accession “Pajares”, PEP]I is stably silenced after 18 weeks
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of cold, similar to FLC in A. thaliana accessions that require longer
periods of cold to flower (Lazaro et al., 2018; Nishio et al,, 2020). By
contrast, A. alpina PEPI is only stably silenced in older shoots
(Bergonzi et al., 2013; Park et al.,, 2017; Lazaro et al., 2018). Given
that miR156 determines the age at which meristems become
responsive to vernalization, it has been hypothesized that
differential spatial patterns of FLC/PEPI silencing are controlled
by variation in the age pathway and/or upstream elements in the
autonomous pathway (Bergonzi et al,, 2013). The functionality of
PEP] alleles does not affect longevity and parity per se (Albani et al.,
2012) but might contribute to the success of the perennial syndrome
in seasonally cold climates (Hughes et al., 2019).

Exaptations - evolutionary
precursor traits

Despite fundamental differences in growth strategies
between annual and perennial species, the evolutionary
distance between them can be minimal (van Kleunen, 2007),
indicating that small differences in genetic makeup differentiate
their growth habits. Nonetheless, the majority (two-thirds) of
plant families do not contain annual species at all, and the
distribution of annual species across the angiosperm phylogeny
is not even (Figure 1). A key question then, is to what extent the
non-random phylogenetic distribution of annual species is due
to an absence of selective pressures versus a predisposition to
evolve traits associated with the annual syndrome.

Phylogenetic clustering of seemingly independently evolved
traits across angiosperms is not confined to life history. A major
hypothesis for the phylogenetic clustering of traits is the
presence of a so-called precursor trait (see Box 1) in the most
recent common ancestor of a clade that enables recurrent
evolution of a specific phenotypic innovation (e.g., Marazzi
et al., 2012; Beaulieu et al,, 2013). For example, a study on the
grass subfamily Pooideae found a phylogenetic pattern
consistent with an evolutionary precursor in the ancestor of
the core group (Lindberg et al.,, 2020). This could explain the
unusually high number of origins of annuality in this clade.
Importantly, the reconstructed pattern cannot be explained
purely by which clades have or have not been exposed to the
environmental selection pressures expected to lead to the
evolution of annuals. In other words, several perennials
outside the core clade have encountered the same warm, arid
environments as the core clade, but without evolving annuality
(Lindberg et al., 2020). Although it remains to be seen what
might have constituted the evolutionary precursor trait(s), a
strong candidate is a shift in allocation of resources from below
to aboveground structures (Lindberg et al., 2020), which is an
established trait linked to annuality (Grime and Hunt, 1975).
Other traits, such as changes in the timing of developmental
transitions, are also good precursor candidates. The precursor
model predicts a similar genetic basis of annual growth habit
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between independently derived core Pooideae species (Figure 6)
that warrants testing in the future.

In terms of what constitutes the genetic basis for a precursor,
one or a few genes with pleiotropic effects where simple mutations
affect several traits constituting annual or perennial life history
strategies, would be candidates. Friedman et al. (2015) worked
with perennial and annual populations of Erythranthe guttata

10.3389/fpls.2022.1048656

(syn. Mimulus guttatus) and found a strong correlation between
both developmental (e.g., flowering time) and growth traits (e.g.,
stolon production and length) with pleiotropic QTLs underlying
these differences. Such QTLs are candidates for precursors, as
simple mutations have large effects on the suit of traits that define
life history strategy. Whether such QTLs or genes exist in larger
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Model for the evolution of annuality in the Pooideae subfamily of grasses. Assuming the precursor represents a common genetic basis, transition to

annuality occurs through parallel evolution involving the same gene(s).
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phylogenetic groups and contribute to repeated evolution of
annual life history strategies remains to be tested.

We are not aware of any other studies of evolutionary
precursors for evolution of life history traits. However, attempts
have been made to compare independently evolved annual/
perennial species pairs to identify common genetic variation in
annual versus perennial species that would be indicative of a
common genetic foundation. For example, a comparison of
sequence variation in FLC from independently evolved
Arabidopsis/Arabis annual species identified regions in the first
intron that are lower in genetic variation than expected by chance
(Kiefer et al., 2017). Variation in two regulatory regions also
correlates with FLC expression patterns in annual versus perennial
species, thus indicating a common, genetic foundation of life
history. The exact effect and function of the variation is unknown,
but it implies a recurrent deactivation of a perennial trait.

More in-depth phylogenetic studies will help us understand if
parallel mechanisms underlie convergent origins of life history traits
within and across different plant families. Many of the traits
involved in the annuality-perenniality syndrome, such as growth
rates, are not exclusively related to life history, but their high lability
might be an easy target on which selection can repeatedly act. On
the other hand, in most investigated cases, annuals evolve from
perennials, with no reversals to perenniality, indicating that loss of
perenniality is not easily reversed through mutations (Kiefer et al,
2017). Groups that do show switches from annuality to perenniality
will thus be interesting comparisons for future work, perhaps
revealing selection on traits different from those driving the more
common perennial to annual transitions.

Conclusions and future directions

Annuality and perenniality are adaptive strategies that comprise
fundamentally different physiological and developmental traits.
Annuals have less developed root systems than perennials,
making them less efficient than perennials at water and nutrient
uptake; relatively less resistant to weeds and pests; and requiring
yearly sowing, leading to a higher tillage requirement. One strategy
for increasing sustainability in our agricultural systems is to breed
perennial traits into our largely annual crop species (Crews et al,
2018). However, progress in breeding perenniality into annuals has
been hampered by limited knowledge of the developmental,
physiological and genetic mechanisms underlying growth habits
in different plant groups, as well as potential trade-offs between
production and longevity. A notable exception is the ‘perennial rice’
hybrid that has consistent yield across five years of growth in
southern China (Zhang et al., 2022). The fact that annuals and
perennials are often closely related suggests that only small genetic
differences differentiate them (van Kleunen, 2007). Furthermore,
parity can be influenced by growth environment and mechanical
cropping (e.g. ratooning). Together, these findings are encouraging
for the search for underlying mechanisms for life history variation
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and lifetime yield, since comparative studies between close relatives
are less affected by the confounding signals of long, independent
evolutionary trajectories.

There is no doubt that annuality has evolved convergently in
different lineages of flowering plants. Nevertheless, very few
comparative studies that account for phylogeny exist, making
it difficult to identify and compare the mechanisms underlying
convergent transitions in different groups. Although critical
knowledge has been gleaned from a handful of model annual
species on the control of phenological, growth, architectural, and
senescence traits, we suggest that much of the variation involved
in perennial to annual transitions lies upstream of these core
pathways. To reveal these differences, we suggest expanding
studies from annual models to their perennial sister species; for
instance through comparative studies of candidate traits and
genes, or by generating and studying hybrids between closely
related annual and perennial species (e.g., perennial rice).
Furthermore, we call for more comparative analyses in non-
model angiosperms. With more detailed species sampling, the
phylogenetic distribution of perennial to annual transitions,
and potential reversions, as well as any environmental
and developmental/genetic/physiological correlates, can be
determined within certain clades. This may well indicate that
the convergent evolution of annuality has largely been facilitated
by evolutionary precursors, as has been demonstrated for the
cool-season grasses in subfamily Pooideae. A deeper
understanding of the internal and external factors that drive
the evolution of annual and perennial traits will ultimately be
crucial for development of sustainable food crop production in
the future.
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