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Abstract
Established model systems in the flowering plants have greatly advanced our

understanding of plant developmental biology, facilitating in turn its in-

vestigation across diverse land plants. The reliance on a limited number of

model organisms, however, constitutes a barrier for future progress in evo-

lutionary developmental biology (evo‐devo). In particular, a more thorough

understanding of seed plant character evolution and of its genetic and de-

velopmental basis has been hampered in part by a lack of gymnosperm model

systems, since most are trees with decades‐long generation times. Guided by

the premise that future model organisms should be selected based on their

character diversity, rather than simply phylogenetic “position,” we highlight

biological questions of potential interest that can be addressed via comparative

studies in Ephedra (Gnetales). In addition to having relatively small genomes

and shorter generation times in comparison to most other gymnosperms,

Ephedra are amenable to investigations on the evolution of the key re-

productive seed plant innovations of pollination and seed dispersal, as well as

on polyploidy, and adaptation to extreme environments.
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1 | INTRODUCTION

Plant biology has benefited greatly from in‐depth in-
vestigations in a few predominant model systems,
namely, the small and weedy mustard Arabidopsis
thaliana. Candidate genes emerging from single model
systems have fueled the investigation of plant develop-
ment across other plants in an evolutionary context (Di
Stilio et al., 2017). However, having to rely on a small
number of model organisms presumed to represent
whole lineages has been a limitation for the discipline
of evolutionary developmental biology (evo‐devo),

underscoring the need for comparative studies in or-
ganisms chosen based on their character diversity, in
addition to phylogenetic provenance (Jenner, 2006).
Gymnosperms are particularly notorious for their paucity
of model systems, the high interest in their evolution as
the sister group to angiosperms having been described as
diametrically opposed to their amenability as genetic
systems (Wang et al., 2010). Here, we argue that Ephedra
(Gnetales) is a prime gymnosperm lineage for compara-
tive studies and point out the multiple reasons why we
think it has potential as the next evo‐devo model system.

The decline of the gymnosperms and rise of angios-
perms is one of the most spectacular biotic turnovers to
have affected terrestrial ecosystems. Gymnosperms are
relatives of flowering plants that also have seeds yet lack
flowers; the two clades jointly constitute the seed plants.
In addition to the challenges posed by the majority
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of seed plants having gone extinct (Hilton &
Bateman, 2006), our understanding of seed plant char-
acter evolution has been compounded by a lack of
gymnosperm model systems among the extant taxa, since
most are trees with decades‐long generation times.

Conifers have managed to maintain a significant
presence in modern ecosystems (e.g., boreal forests), in-
cluding important timber trees and some of the most
impressive terrestrial organisms such as the tallest tree
(California Coastal Redwood, New Zealand Kauri) and
the oldest living trees (Ancient Bristlecone pine). Due to
their economic importance in silviculture, and in spite of
their highly repetitive giga‐genomes (20–30 giga base
pairs [Gb]), the first gymnosperm reference genomes
were in fact from conifer trees (Figure 1a), including
spruces, pines and fir (De La Torre et al., 2014 and re-
ferences therein; Neale et al., 2017; Stevens et al., 2016).

Even though transgenic approaches are complicated by
long generation times, promising avenues for functional
studies in conifers include somatic embryogenesis, and
the development of gene editing technologies (see
Uddenberg et al., 2015 for a full discussion of conifer evo‐
devo model systems).

Within the other three major groups of extant gym-
nosperms, a sequenced draft genome is available for the
monotypic tree Ginkgo biloba (Guan et al., 2016), while
transcriptomic resources are available for cycads
(Wickett et al., 2014). Gnetales include a reference gen-
ome for Gnetum montanum (Wan et al., 2018), and
transcriptomic resources for Welwitschia mirabilis and
Ephedra sinica (1 KP project, Wickett et al., 2014).

The gymnosperm order Gnetales (Kubitzki, 1990) is
an unusual clade consisting of three disparate genera,
Ephedra, Gnetum and Welwitschia, with a controversial

FIGURE 1 General plant habit of
existing and proposed gymnosperm model
systems. (a) Pinus flexilis (conifer, tree),
(b) Gnetum cuspidatum (Gnetales, vine,
photograph by J. Wen); (c) Ephedra chilensis
(Gnetales, shrub); (d) Ephedra monosperma
(semi‐herbaceous shrub, University of
California, Davis, Ephedra “farm,”
photograph by S. Little). Scale bars: a = 3m,
b = 3 cm, c = 75 cm, d = 5 cm [Color figure
can be viewed at wileyonlinelibrary.com]
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history (Mathews, 2009). Phylogenetic evidence supports
Gnetales originating within conifers, and sister to Pina-
ceae (Leebens‐Mack et al., 2019 and references therein;
Ran et al., 2018). Gnetum (Gnetales, Figure 1b), consist-
ing of tropical evergreen trees, shrubs and vines, has
proven to be an informative gymnosperm model to in-
vestigate the evolution of flower development. Gnetum
contributed to the reconstruction of a pre‐angiosperm
origin of the floral quartet model (Theißen &
Saedler, 2001) in which MADS proteins initially inter-
acted as homodimers before acquiring the ability to
heterodimerize in the angiosperms, to regulate down-
stream events leading to reproductive development of
cones or flowers, (Ruelens et al., 2017; Theißen
et al., 2016, and references therein). Beyond its valuable
contribution to developmental genetics of flower evolu-
tion, Gnetum's limited distribution in tropical forests and
peculiar habit (as an understory liana) highlights the
need for additional, complementary gymnosperm model
systems.

Ephedra (Ephedraceae, Figure 1c,d) is sister to the
other two genera and comprises 54 species of shrubs,
subshrubs or climbers, rarely small trees, with wide-
spread distribution in arid and semi‐arid regions world-
wide (Ickert‐Bond & Renner, 2016 and references
therein). Members of the South American clade in par-
ticular, such as Ephedra tweediana and Ephedra triandra,
are small diploid vine‐like shrubs that trail on the ground
or clamber over bushes or trees, with life cycles of 2–4
years that can potentially be shortened further by in
vitro propagation and cloning from stolons (Lodha
et al., 2014). Ephedra monosperma has been successfully
cultivated at large scale for the production and in-
vestigation of its pollination droplets (Nepi et al., 2017,
listed as E. minuta; Little et al., 2012; Figure 1d). Ephedra
have genomes half the size of Pinus and diploids have the
next smallest genome for a gymnosperm (8–9 Gb; Ickert‐
Bond et al., 2020), after Gnetum (2–4 Gb, Wan
et al., 2018). Ephedra comes with a strong phylogenetic
and ecological framework, unusually abundant poly-
ploidization events for a gymnosperm (Ickert‐Bond
et al., 2020), and a rich diversity of pollination systems
(Bolinder et al., 2016) and seed dispersal strategies tied to
its evolutionary history (Fuster & Traveset, 2019;
Hollander et al., 2010; Loera et al., 2015). Nevertheless,
uncovering genes that underlie key innovations in this
lineage will also require a strong genomic toolkit, in-
cluding a solid reference genome, the ability to grow
axenic cultures in the laboratory and a transformation
protocol for functional studies, all in a feasible time‐
frame. Here, we outline promising research directions for
Ephedra, as well as challenges and future steps to build a
genetic toolkit for evo‐devo studies.

1.1 | Research directions enabled
by Ephedra

1.1.1 | Comparative morphology of
independently‐derived fleshy propagules
in gymnosperms

Seed dispersal systems in gymnosperms range from those
via wind (anemochory), aided by winged seeds (the wing
formed from the ovule integument) in conifers such as
Araucariaceae, Pinaceae, and Taxodiaceae, to those with
obvious adaptations for animal dispersal (zoochory) in
Gingko, cycads, yews, podocarps, junipers, and gneto-
phytes. Moreover, phylogenetic mapping uncovered
three distinct types of fleshy propagules that have
evolved repeatedly across at least six major gymnosperm
clades (Cupressaceae, cycads, Ginkgo, Gnetales and
Podocarpaceae; Leslie et al., 2017). Fleshy propagules are
found in most Gnetales (except Welwitschia and one
Gnetum species) but are not present in its presumed
sister group (Pinaceae). Even though Ginkgo and all
cycads have fleshy seeds, it is unclear whether fleshy
propagules are ancestral for gymnosperms, partly be-
cause the majority of seed plants have gone extinct.

Fleshiness in gymnosperm reproductive structures
associated with animal dispersal is an interesting aspect
of their reproductive biology that appears to result from
convergent evolution in the development of distinct or-
gan types surrounding the seed (Figure 2). The fleshy
envelope surrounding Gnetum ovules develops from
bracts (modified leaves) at its base (Figure 2a), while a
thin “sarcotesta” (outer layer of the seed coat) with a
pungent smell is found in Ginkgo (Figure 2b). Fleshy
structures in plum yews (Cephalotaxaceae, Figure 2c)
develop on seed cone bracts, just like conifers, except that
the bracts grow outward into a fleshy seed covering.
Cycads are characterized by large seeds with a fleshy
sarcotesta (e.g., in Macrozamia, Figure 2d), while podo-
carps have either fleshy bracts, or a single seed sur-
rounded by a fleshy aril (Figure 2e). In yews (Taxaceae,
Figure 2f), the fleshy structure surrounding the seed is
interpreted as either a novel outgrowth at the base of the
ovule (an aril) or a fleshy seed coat derived from the
integument (a sarcotesta; Dörken et al., 2019). Young
seed cones of conifers such as Larix (Pinaceae) are
compound, with ovules found on ovuliferous scales
subtended by red or purple seed cone bracts during the
pollination phase (Figure 2g).

Fleshy bracts characterize the seed cones of 38 spe-
cies of Ephedra dispersed by birds and lizards
(Figures 3a, 3c, 3e,f, and 3h‐j; Fuster & Traveset, 2019;
Hollander et al., 2010; Loera et al., 2015). A few North
American endemics have membranous or coriaceous
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bracts lacking wings and are dispersed by seed‐caching
rodents (Figures 3b and 3g; Hollander et al., 2010), and
fewer species have dry, winged bracts (Figure 3d) and are
anemochorous (Stapf, 1889; Figure 4). Phylogenetic re-
constructions suggest that seed cones with fleshy bracts
are ancestral within Ephedra, while those with dry bracts

have evolved multiple times (Ickert‐Bond & Wojcie-
chowski, 2004; Loera et al., 2015). Ephedra bracts are
yellow to green at the pollination stage (Figure 3a), and
species with future dry or fleshy bracts do not appear to
differ significantly at this stage (Rydin et al., 2010;
Figure 4). Certain species, like Ephedra nevadensis

FIGURE 2 Examples of gymnosperm fleshy and/or colored reproductive structures. (a) Gnetum urens, fleshy, bright red seeds
(from bracts surrounding the ovule). b) Ginkgo biloba, fleshy seeds (outer seed coat layer, or sarcotesta). (c) Cephalotaxus sinensis, fleshy
seeds (seed cone bracts, outward‐growing). (d) Macrozamia fraseri, fleshy bright red seeds (sarcotesta). (e) Podocarpus neriifolius, fleshy
purple cone (aril). (f) Taxus baccata, fleshy red cone (aril or sarcotesta). (g) Larix decidua, bright red bracts of young seed cone at the
pollination stage (photograph by N. Friedman, Arnold Arboretum). Photographs courtesy of D. Stevenson, except where otherwise
indicated. Scale bars a = 40mm, b–d = 20mm, e and f = 10mm, g = 5mm [Color figure can be viewed at wileyonlinelibrary.com]
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(Figure 3b), never turn red nor fleshy, in spite of having
the developmental hallmarks of a fleshy Ephedra
(S. Ickert‐Bond, pers. observation). Ephedra is therefore
amenable to addressing the evolution of development of
fleshiness in gymnosperm seed dispersal structures.

1.1.2 | Evolution of diverse gymnosperm
seed cone colors

The pollination syndromes of angiosperms and gymnos-
perms differ significantly: biotically‐pollinated angiosperms

FIGURE 3 Ephedra seed cone diversity. (a) Ephedra tweediana green bracts at pollination stage, note pollination droplets at micropylar
extensions (photograph by M. Bonifacino). (b) Ephedra nevadensis with coriaceous bracts (photograph by S. Matson). (c) E. tweediana with
fleshy bracts. (d) Ephedra trifurca with dry winged bracts. (e) Ephedra distachya ssp. helvetica showing fleshy red bracts at maturity
(photograph by E. Zippel). (f) Ephedra coryi with white fleshy mature bracts. (g) Ephedra aspera with coriaceous bracts. (h) Ephedra
triandra with red fleshy bracts. (i) Ephedra ochreata with orange fleshy bracts. (j) Ephedra aphylla with red fleshy bracts (photograph by
M. Hassan). Images by the authors, except where indicated. Scale bars: a–d, f–j = 10mm, e = 5mm [Color figure can be viewed at
wileyonlinelibrary.com]
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produce a wide spectrum of color cues that attract polli-
nators, while gymnosperms are mostly wind‐pollinated and
much less colorful. Yet, a number of conifers produce vi-
brantly colored seed cones during seed dispersal (Figure 2f),
or earlier during pollination (Figure 2g). These colors have
been attributed to the presence of high levels of anthocya-
nin in the juvenile reproductive phase, as in young larch
cones for example (Figure 2g), and their presence has been
interpreted as either photoprotective, or as an aid in ther-
moregulation (Rudall, 2020). Given that the two main ca-
tegories of plant pigments: carotenoids and flavonoids (e.g.,
anthocyanins), predate the origin of seed plants (Piatkowski
et al., 2020), the evolution of flower color for pollinator
attraction in angiosperm petals might thus have its origin in

the protection of the developing reproductive structures of
gymnosperms (Rudall, 2020). Fleshy Ephedra seed cones,
while green at the pollination stage, range from red to or-
ange and yellow at the seed dispersal stage (Figures 3c, 3e,
and 3h‐j), and a few species lack pigments altogether (e.g.,
Ephedra coryi, Figure 3f and Ephedra foliata). In other
species, bract color is polymorphic such that white and red
bracts are known from the same species (e.g., Ephedra
americana, Ephedra chilensis, and Ephedra frustillata).
Understanding how these pigmentation differences are
achieved at the cellular, biochemical and genetic levels
constitutes another promising research avenue, analogous
to the rich field of angiosperm flower and fruit pigmenta-
tion. Different pigmentation patterns likely contribute to
varying degrees of “attractiveness” to seed dispersers, re-
sulting in different seed dispersal syndromes. Hence,
Ephedra presents a unique opportunity to compare and
contrast the developmental and evolutionary mechanisms
underlying the evolution of color asoociated with increased
reproductive success.

1.1.3 | Evo‐devo of convergent fruit‐like
function in seed plants

Even though fruits are an angiosperm innovation, gym-
nosperms have analogous structures that function in seed
dispersal, becoming fleshy and brightly colored
(Figure 2). Since the genetic basis of fleshy angiosperm
fruits is well characterized in crops such as tomatoes
(The Tomato Genome Consortium et al., 2012), gym-
nosperm fleshy seed cones like those found in Ephedra
make it possible to investigate whether orthologs of such
angiosperm candidate genes might have been repurposed
from analogous structures in a seed plant ancestor. More
generally, seed plant‐specific gene lineages involved in
carpel development and their orthologs constitute a
potential source of candidate genes (Pfannebecker
et al., 2017). Similar gene functions could have been in-
dependently recruited in fruit‐like structures across seed
plants, and perhaps certain aspects of the developmental
pathway were assembled from preexisting combinations
of interacting genes predating the divergence of flower-
ing plants and the clade containing conifers and
Gnetales. Thus, gymnosperms can be informative about
angiosperm reproductive innovations, not by represent-
ing the ancestral state, but rather by allowing the in-
ference of ancestral states and the investigation of
different hypotheses on fruit evolution and development.

Orthologs of floral MADS box genes are usual sus-
pects in the development of fruit‐like structures because
they are involved in reproductive organ identity in both
gymnosperms and angiosperms (Wellmer et al., 2014). In

FIGURE 4 Three distinct types of mature Ephedra seed cones
associated with different dispersal syndromes develop from similar,
nonfleshy bracts at the pollination stage. Fleshy red bracts in
E. tweediana are dispersed by birds, dry winged bracts in Ephedra
torreyana are wind‐dispersed, and dry coriaceous bracts lacking a
wing found in several North American species (E. nevadensis
shown) are dispersed by seed‐caching rodents. Illustrations by
Elaine Hultgren and Sandra Turico
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the gymnosperms Ginkgo and Taxus, floral MADS box
gene orthologs appear to have been recruited in-
dependently multiple times in the convergent evolution
of fleshy structures (Lovisetto et al., 2012; Lovisetto
et al., 2015). However, nuances occur depending on the
developmental origin of the fleshy structure: for example,
gymnosperm‐specific “B‐sister” genes play a role in
Ginkgo, where fleshiness arises from the ovule integu-
ment, but not in yews, where it develops from the ovule's
stalk (Lovisetto et al., 2013). Ephedra offers a fresh per-
spective on this topic, since its fleshy seed cones have a
different developmental origin from the ones studied so
far: from modified leaves (bracts), rather than from
ovule‐derived structures. Another interesting feature of
this lineage is the combined presence of papillate cells on
the bract epidermis, known from other plants to be under
the control of the MYB transcription factor MIXTA (Di
Stilio et al., 2009; Noda et al., 1994), and of stomata that
are typically suppressed in the presence of conical cells
(Rudall, 2020). More generally, Ephedra provides an
opportunity to investigate whether orthologs of genes
known to be involved in angiosperm fleshy fruits play a
role in extant gymnosperms, and potentially had a
gymnosperm precursor that was repurposed from ana-
logous structures. Thus, Ephedra enables investigations
into the evolution of development of fleshy seed dispersal
structures in the seed plants.

1.1.4 | Rampant polyploidy without
genome downsizing

Ancient as well as recent polyploidization events are
known to impact angiosperm diversification (Van de
Peer et al., 2017 and references therein), yet they appear
to be rarer in gymnosperms. Ancient whole genome
duplications have been found in conifers, Ginkgo and
cycads, but not in gnetophytes (Wan et al., 2018 and
references therein). The unusually high incidence of re-
cent polyploidy events in Ephedra (Ickert‐Bond et al.,
2020; Wu et al., 2016) provides a unique opportunity to
increase understanding of genome dynamics and rates of
molecular evolution in gymnosperms, generally con-
sidered more conserved compared to angiosperms (De La
Torre et al., 2017). The near‐absence of genome down-
sizing following polyploidy in Ephedra is associated with
the observation that genome size and chromosome
number are strongly and positively correlated (Figure 5)—
a correlation mostly lacking across other seed plants
(Barker, 2013). Multiple lines of evidence, including cy-
tological (i.e., chromosome size and structure), genome
size stability (Hizume & Tominaga, 2016; Renner & Sousa
dos Santos, 2019) and unbiased subgenome evolution of

Ephedra polyploids (Wu et al., 2020), all point to a slower
rate of diploidization than reported in most angiosperms
(reviewed in Van de Peer et al., 2017). Characters
that likely increase polyploid formation and survival in
Ephedra include a relatively rapid generation time (com-
pared to other gymnosperms, Figure 5), a higher rate of
unreduced gamete formation (Leitch & Leitch, 2012;
Ickert‐Bond et al., 2003 and references therein), which is a
main route to polyploid formation in angiosperms, and the
ability to propagate vegetatively (Stapf, 1889). On the one
hand, additional genome copies might promote higher
tolerance to environmental conditions due to the higher
gene content enabling neofunctionalization of duplicated
genes, and higher heterozygosity (Roddy et al., 2020). On
the other hand, the large genome hypothesis posits that
large genomes may have reduced photosynthetic rates and
restricted ecological distributions, due to the negative
effects of genome size on metabolic efficiency
(Knight, 2005). Whether or not genomic constraint has
influenced speciation in Ephedra is an interesting avenue
for future studies.

1.1.5 | Adaptation to extreme
environments: attractiveness in the
Anthropocene under a changing climate
scenario

Ephedra is unique among gymnosperms in occupying a wide
range of habitats from deserts to subtropical thorn scrub, and
from below sea‐level (in Death Valley, California [USA] or
the Dead Sea area) to high elevation, where winter freezing
is extreme (above 5000m in the high Andes and Himalayas,
Ickert‐Bond & Renner, 2016).

The vasculature of dry habitat plants consists of
narrow vessels (xylem) that likely provide conductive
assurance by reducing embolisms (Carlquist, 2012),
while species from extreme alpine arid environments are
near‐vesselless (Motomura et al., 2007). In fact, diversi-
fication in North and South American Ephedra is asso-
ciated with the expansion of arid habitats since the
Oligocene‐Miocene (Loera et al., 2012), with speciation
in South America associated with the uplift of the Andes
between 10 and 2mya (Loera et al., 2015). The avail-
ability of empty environmental niches after periods of
extreme climate change would have selected for gen-
eralists with high dispersal ability to adapt to very spe-
cific environmental conditions, thus increasing the
number of polyploids (Fawcett & Van de Peer, 2010).
Hence, Ephedra is well positioned to investigate the ge-
netic basis of adaptation to extreme environments (arid,
hyperarid and high altitude), of special relevance in the
face of global warming and increased desertification.
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1.1.6 | Remaining challenges and future
directions

A reference genome for Ephedra would be greatly ben-
eficial in the search for candidate genes, to that end we
propose sequencing one of the fleshy‐bracted diploid
South American species with smallest genomes, such as
Ephedra ochreata (8.27 Gb, smallest genome in the New
World), E. tweediana (8.7 Gb) or E. triandra (9.5 Gb), the
latter two having the added advantage of being smaller
shrubs or climbers with less secondary growth (Figure 5).
Amongst the Asian species, Ephedra regeliana is a small,
diploid subshrub with potential as a model species
(8–15 cm, 7.91 Gb, Ickert‐Bond et al., 2020). Even though
the smallest of Ephedra genomes are still fairly massive,
they can be tackled with long‐read sequencing technol-
ogies that are more likely to span long repeat regions and
produce a more continuous assembly, including Pacific
Biosciences' (PacBio) single‐molecule real‐time sequen-
cing and Oxford Nanopore Technologies' nanopore se-
quencing (reviewed in Amarasinghe et al., 2020).
Another important aspect of the model system toolkit is

the ability to develop transgenic approaches to in-
vestigate gene function. An approach that takes Ephedra
genes and expresses them in a model plant such as
Arabidopsis (to elicit either rescue or ectopic phenotypes)
can be partially informative as a first instance. However,
the heterologous approach presents difficulties in the
interpretation of negative results (do we attribute the
lack of performance to actual change in gene function, to
phylogenetic distance, or to a different genomic en-
vironment?). The next step towards enabling functional
studies may include transient transgenesis via virus in-
duced gene silencing (Dinesh‐Kumar et al., 2003), known
to work in a variety of plant systems (Di Stilio, 2011)
and/or gene editing techniques combined with somatic
embryogenesis, as implemented in conifer trees (re-
viewed in Uddenberg et al., 2015). In the meantime, gene
expression analyses, including de novo assembly of ad-
ditional reference transcriptomes and RNAseq analysis,
combined with validation of gene expression via in situ
hybridization and real time quantitative PCR, should
help jump‐start the process of gene discovery. A more
comprehensive genetic toolkit will further enable the

FIGURE 5 Genome size, growth habit, and generation times of gymnosperms. Phylogenetic relationships are shown schematically on
the left (after Leebens‐Mack et al., 2019). Mean (●) and range of genome sizes (1C‐values) in each of the 12 accepted families (after
Christenhusz et al., 2011), asterisks denote lineages with a sequenced reference genome. The number of taxa for which genome estimation
values are known is shown in brackets. Observed 1C‐values at each ploidy level (2x–8x) in 50 species of Ephedra show that diploid South
American species (Ephedra triandra and E. tweediana) fall within the smaller end of the range (red arrowhead). Growth habit is represented
with icons, and generation times are shown as approximate ranges (in years), where available (Burns & Honkala, 1965; Dallimore &
Jackson, 1967; Di Salvatore et al., 2013; Wang et al., 2015; Whitmore, 1977 and references therein). Figure adapted from Ickert‐Bond et al.
(2020) [Color figure can be viewed at wileyonlinelibrary.com]
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investigation of the genetic basis of developmental in-
novations in this fascinating gymnosperm lineage.

2 | CONCLUSIONS

In conclusion, we argue that additional gymnosperm
model systems are indispensable to further explore the
overarching phenomenon of repurposing of genes in the
evolution of developmental pathways leading to in-
creased biodiversity, in particular pertaining to seed
plants. Diploid Ephedra (Gnetales) are well‐positioned to
fulfill this role, given their relatively smaller genomes
and shorter generation times, and their vine‐like habit for
ease of cultivation. Moreover, Ephedra is an informative
lineage for basic biological questions such as the effect of
polyploidy on adaptation to extreme environments and
the evolution of the key reproductive seed plant in-
novations of pollination and seed dispersal.
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