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Critical Reviews in Plant Sciences presents cutting-edge
reviews on a broad spectrum of research topics, typic-
ally focusing on angiosperms and occasionally cover-
ing early diverging lineages such as gymnosperms
(Thiagarajan et al., 2016) and green algae (Leliaert
et al., 2012). We recently reported on state-of-the-art
genome editing research in plants (Songstad et al.,
2017; Zhang et al., 2017) and have highlighted novel
cannabis research (Gray et al., 2016). In this Special
Issue, we focus on the non-vascular bryophytes, which
include hornworts, liverworts, and mosses. These fas-
cinating and largely unnoticed plants are integral com-
ponents of diverse environments on all continents
(von Konrat et al., 2010). So, look around – with
approximately 20,000 species worldwide (http://www.
theplantlist.org/1.1/browse/B/) – just about any parcel
of land (and some bodies of fresh water) will reveal
the presence of common bryophytes. Because this
Special Issue is a collection of reviews focusing on
non-vascular plants, which are generally considered to
be less complex morphologically and with distinctive
life histories compared to vascular plants, this intro-
duction will serve to acquaint and orient readers to
some of the general ecological and biological attributes
of bryophytes.

Bryophytes were some of the first green plants to
successfully colonize land 470–551 million years ago
(mya) from aquatic algal ancestors (Morris et al.,
2018). Traditionally, the term “bryophytes” has been
used to describe a paraphyletic assemblage of three
phyla, Anthocerotophyta (hornworts), Bryophyta
(mosses), and Marchantiophyta (liverworts), whose
relationships have long been a source of debate within
the scientific community (Goffinet, 2000 and referen-
ces therein). Recent phylogenetic analyses support two
main evolutionary hypotheses (Nishiyama et al., 2004;

Wickett et al. 2014; Cox, 2018; Puttick et al., 2018 in
this Special Issue): (1) the liverworts and mosses are a
monophyletic clade with the hornworts as an inde-
pendent lineage and (2) all three bryophyte phyla as
members of a single clade, sister to vascular plants.

Although the dominant phase in their life cycle is
the haploid gametophyte (Figure 1), bryophytes repre-
sent a significant advancement in morphological and
reproductive complexity compared to their green algal
ancestors (Kenrick and Crane, 1997). Their plant
bodies are either organized into dorsoventrally flat-
tened thalli (hornworts and liverworts) or branching
stem-like tissues (caulids) with leaf-like structures
(phyllids) arranged spirally (mosses) or in ranks (liver-
worts and a few mosses). Bryophytes lack roots, but
have filamentous rhizoids that anchor the plants to
the substrate. Water and nutrient uptake occurs
through the above-ground gametophyte surfaces.
Although some bryophytes carry out internal transport
via conducting cells, no bryophytes produce lignin
(Ligrone et al., 2000; 2008). Sexual reproduction
shares a common theme in bryophytes: sessile female
gametes (eggs) are produced in archegonia and motile
male gametes (flagellated sperm) are formed in
antheridia. Water is required for sexual reproduction
in bryophytes, though moss sperm can survive periods
of desiccation (Shortlidge et al., 2012), potentially
extending their reproductive viability. Bryophyte spe-
cies are genetically predetermined to produce either
hermaphroditic (monoicous) or single-sexed gameto-
phytes (dioicous). The diploid sporophyte is relatively
inconspicuous compared to the gametophytic phase
and is attached to and nutritionally dependent on the
maternal gametophyte throughout its lifespan. The
sporophyte produces haploid spores via meiosis that
are often wind-dispersed, sometimes across long
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distances (Mu~noz et al., 2004) to initiate new gameto-
phyte populations. Bryophytes also reproduce asexu-
ally by the physical fragmentation of gametophyte
plants or in some species by the formation of gemmae,
which are small, multicellular structures that develop in
splash cups on the surfaces of mosses and liverworts
and grow into clonal plants (Figure 2A–C).

Bryophytes occupy a wide variety of habitats (Figure
3), with the majority of species able to survive periods of
desiccation. These plants can live in deserts (e.g.,
Grimmia, Tortula), fresh water (e.g., Fontinalis, Riccia),
disturbed open soil (e.g., Funaria, Phaeoceros), tropical
rainforests (e.g., Calymperes, Drepanolejeunea), and
mesic temperate forests (e.g., Bazzania, Hypnum).
There are also about 130 species of mosses and 30 spe-
cies of liverworts found in the Antarctic and these taxa
have evolved the capacity to survive the extremely xeric
and cold environs of this polar region via desiccation
tolerance mechanisms (Bramley-Alves et al., 2014), such
as poikilohydry (Smith et al., 1997; Lewis et al., 2017).
Hornworts, however, are absent from the Arctic (Lewis
et al., 2017) and the Antarctic (Bramley-Alves et al.,
2014) polar regions. The ability of bryophytes to survive
and recover from long-term suspended animation was
demonstrated to an amazing level when four species of

moss were revived after 400–600 years frozen beneath
the Tear Drop Glacier in northern Canada (La Farge
et al., 2013). In addition, these fascinating plants play
many important ecological roles as habitats for inverte-
brates, slowing water movement through systems and
thus decreasing erosion, and as seedbeds promoting ger-
mination. However, bryophytes are reported to prevent
germination of seeds as well (Whitehead et al., 2018).
They are also “the canaries in the coal mine” and have
been used as indicators of environmental health due to
their sensitivities to air/rain water pollution (Pescott
et al., 2015; Gatziolis et al., 2016).

I. Bryophyta (mosses)

Mosses are represented by 9000 (Magill, 2010), to
13,000 (Goffinet et al., 2008) species. The moss life
cycle is distinguished from the other bryophytes by
their highly branching, filamentous, or thalloid (e.g.,
Sphagnum species) protonema that enable the produc-
tion of multiple leafy stems from a single spore ger-
mination event (Figure 4A). Continued growth results
in a collection of upright or prostrate caulids covered
in phyllids, which can function as a super organism
with many individuals forming mats or cushions that

Figure 1. Life cycle of a moss, which serves to illustrate the generalized life cycle of bryophytes. (A) Green, leafy gametophyte that
produces (B) antheridia and (C) archegonia. (D) Sperm from the antheridia fertilize eggs in archegonia to produce the young sporo-
phyte, which is initially completely surrounded by tissues of the maternal gametophyte that later form the calyptra. The maturing
sporophyte (E) consist of the foot, seta, and capsule. At the base, the foot is embedded in the gametophyte where it acquires
water and nutrients from the maternal plant. The calyptra and operculum dislodge revealing peristome teeth (F). Haploid spores
(G) germinate and form protonema (H), which in turn produce the leafy gametophytes.

2 J. M. BUDKE ET AL.



can increase water retention and slow water loss
(Figure 4B). Water is essential for reproduction and
moss sperm, formed in antheridia (Figure 4(C,D)),
can be dispersed via rain and even insects (Cronberg
et al., 2006; Rosenstiel et al., 2012), where chemical
compounds produced by the female archegonia
(Figure 4E,F) can attract the insects or the sperm dir-
ectly. Sperm of the moss Physcomitrella patens may be
further oriented to swim through the water-filled neck
canal toward the egg via activation of two membrane-
bound proteins and changes in intracellular calcium
ion levels (Steinhorst and Kudla, 2017). The sperm
and egg fuse and form the zygote, which in turn
divides to form a two-celled embryo proper. These

cells form the sporophyte that ultimately consists of
the foot (embedded in the maternal gametophyte and
functioning in water/nutrient transfer), the seta/stalk,
and the capsule (Figures 5A,B). Throughout early
development the sporophyte apex is topped by the
calyptra, a maternal cap of gametophyte tissue, that is
covered by a relatively thin cuticle that protects the
immature sporophyte from water loss (Budke et al.,
2011; 2013). Moss sporophytes are initially green and
capable of photosynthesis, but they do not fix suffi-
cient carbon to sustain their entire growth and devel-
opment (Proctor, 1977). The capsule is differentiated
into a central sterile columella and surrounded by
spore mother cells, which undergo meiosis synchron-
ously to form haploid spores. After meiosis, mature
sporophytes dry out and ultimately release the spores
via the operculum, a cap of tissue covering the capsule
opening during development. After the operculum
detaches from the capsule, the peristome teeth in
some mosses are responsive to changes in humidity,
facilitating spore dispersal from the capsule
(Gallenm€uller et al., 2018). Moss sporophytes are rela-
tively persistent, compared to the sporophytes of liver-
worts and hornworts and can be found attached to
their maternal gametophytes months beyond fertiliza-
tion, dispersing spores long after the sporophyte itself
has turned brown and is dead.

II. Marchantiophyta (liverworts)

There are 5000 to 7500 species of liverworts world-
wide (S€oderstr€om et al., 2016; von Konrat et al., 2010)
making this the second largest phylum of bryophytes.
Morphologically the liverwort gametophytes are
diverse with both simple and complex thalloid species
that are flattened dorsoventrally (Figure 6) and leafy
liverworts that have a three-ranked caulid and phyllid
arrangement, which are somewhat similar to mosses.
Marchantia, belongs to the complex, thalloid liver-
worts, which include about 5% of all liverworts and
has often been used to represent the morphology of
liverworts. In Marchantia photosynthesis only occurs
in a defined cell layer on the dorsal or upper surface
bounded by epidermal cells with pores for gas
exchange (Figure 7). Rhizoids and scales are located
on the lower surface and serve to absorb water and
anchor the plant to the substrate. The cells between
the upper and lower epidermis are mostly thin-walled
and used for storage of oils and other products. In
Marchantia, male and female gametangia are pro-
duced on umbrella-like antheridiophores and archego-
niophores (Figure 8) on separate plants. The
archegonia are inverted and hang downward from the

Figure 2. (A) Two gemmae cups of a moss. (B) Microscopic
view of two moss gemmae. (C) Longitudinal section through
gemma (G) and the gemma cup wall (GCW) of a liverwort,
Marchantia species. T: thallus.
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bottom of the structure (Figure 9A), whereas the male
gametangia are located on the upper surface of the
gametophores (Figure 9B). Sperm dispersal is similar
to mosses in that they are facilitated by water, though
no tests have been made to determine whether ani-
mals may contribute to their dispersal. Marchantia
sporophytes (Figures 10A,B) are composed of a foot
embedded in the female gametophyte, setae, and a
capsule and as in the mosses the sporophyte is
dependent on the gametophyte for water and nutri-
tion. The capsules of some, but not all, liverworts con-
tain elaters (Figures 10B), which are diploid structures

intermixed with the haploid spores. Elaters are long,
narrow cells with secondary wall thickenings thought
to have two functions. First, they may serve as nutri-
tion for the developing spores and second, may be
involved in spore dispersal in response to changes in
moisture and humidity (Schuster, 1966; Kremer and
Drinnan, 2003).

III. Anthocerotophyta (hornworts)

There are only an estimated 215 species of hornworts
worldwide (S€oderstr€om et al., 2016), making them the

Figure 3. Habitats of mosses. (A) Growing between concrete slabs in a sidewalk. (B) Growing on debris in a forest. (C) Growing on
the side of tree in a temperate forest. (D) Growing on exposed soil and across a trailing vine in a tropical forest. (E) Growing on
vertical rock face. (F) Growing on an old tree stump. (G) Growing in a wet bog. (H) Initially growing on animal dung in a bog in
southern Chile.
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smallest bryophyte phylum. These plants, like some of
the liverworts, have flattened thalli. Both antheridia
and archegonia develop within the gametophytic tis-
sues of hornworts, whereas the same structures in
mosses and liverworts are formed on the gametophyte
surface (Renzaglia et al., 2007). At the cellular level,
hornworts contain only a single chloroplast per cell,
compared to multiple chloroplasts per cell in mosses
and liverworts. These solitary chloroplasts typically
contain proteinaceous bodies called pyrenoids that are
a critical carbon-concentrating mechanism (Villarreal
and Renner, 2012) a feature shared by hornworts and
green algae. Species in all 13 hornwort genera form
endosymbiotic relationships with nitrogen-fixing
cyanobacteria (Renzaglia et al., 2007), typically Nostoc
species (Costa et al., 2001). These bacteria invade
hortwort tissue through pores (mucilage clefts) on the

underside of the thallus and then grow internally in
canals formed from the separation of the middle
lamella between cells. It was thought that only a few
mosses have a symbiotic relationship with cyanobac-
teria and these are mostly epiphytic, except for two
Sphagnum species in which there exists endophytic
symbiosis (Solheim and Zielke, 2002). However, recent
evidence revealed that cyanobacteria are common
symbionts with boreal forest floor mosses such as
Sphagnum, Pleurozium, and Hylocomium species (e.g.,
DeLuca et al., 2002, 2008; Turetsky et al. 2012;). In
contrast, relatively few liverworts have this relationship
with the notable exceptions of Marchantia and Porella
(see review: Adams and Duggan, 2008). Certainly, the
association of nitrogen-fixing bacteria with hornworts
offers a nutritional advantage to the plants. Hornworts
have a unique sporophyte development wherein this

Figure 4. Moss gametophyte structures. (A) (C–F) Polytrichium species. (B) Leucobryum species. (A) Protonema. (B) Leafy gameto-
phytes clustered together in a cushion. (C) Antheridia (arrows) surrounded by perigonial bracts at the terminus of the male leafy
gametophyte. (D) Enlargement of antheridia exhibiting mitotically dividing cells, which will give rise to sperm. (E) Archegonia (A)
surrounded by paraphyses (P) at the terminus of the female leafy gametophyte. (F) Enlargement of the archegonium (A), neck (N),
neck canal (NC) and egg (E). All images except (B) were obtained from slides and used with permission from Carolina Biological
Supply, Whitsett, North Carolina, Copyright Carolina Biological Supply.
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diploid structure is produced from a basal meristem
and splits longitudinally into two halves, forming the
characteristic horns that inspired the common name
(Figures 11A,B). The sporophytes also have stomata
located in their epidermis, which are thought to be
involved in sporophyte drying and dehiscence
(Villarreal and Renzaglia, 2015).

A. Special issue research articles

The focus of this Special Issue are aspects of the bryo-
phytes. Each of the review articles is written by noted
experts in their respective fields of study. The titles of
the four main manuscripts of the isue are the follow-
ing: (1) Land plant molecular phylogenetics: a review
with comments on evaluating incongruence among
phylogenies (Cox, 2018); (2) The evolutionary diver-
sity of mosses – taxic heterogeneity and its ecological

drivers (Huttunen et al., 2018); (3) Bryophyte biogeog-
raphy (Pati~no and Vanderpoorten, 2018); and (4)
Terpenoid secondary metabolites in bryophytes: chem-
ical diversity, biosynthesis and biological functions
(Chen et al., 2018). A fifth paper detailing liverworts
was withdrawn from this Special Issue and will appear
in a latter issue of Critical Reviews in Plant Sciences.

Cox (2018) reviews the relationships between the
three major bryophyte lineages relative to tracheo-
phytes. Analyses of morphological and molecular char-
acters for phylogenetic reconstructions are summarized
in a table of 43 unique studies that describes their find-
ings related to the relationships among these lineages.
A thorough discussion of the impact of data sampling
and model choice on the analyses is also presented.
The author highlights the two best-supported hypothe-
ses, which are “monophyletic bryophytes” and "liver-
worts plus mosses-basal" and the fact that both of these

Figure 5. Mosses. (A) A mass of leafy green gametophytes and brown sporophytes of Funaria hygrometrica. Note the long taper-
ing calyptra (arrows) covering the sporophyte apex and the expanding capsules. Insert is a single gametophyte (G) with an
attached green sporophyte (GS). S: seta; C: calyptra covering the capsule; Line: about 8mm. (B) Longitudinal section through the
sporophyte capsule of a Polytrichium species. S: seta wall, O: operculum; CO: columella; SP: haloid spores; and P: peristome. The
section does not show the calyptra. Image was obtained from a slide and used with permission from Carolina Biological Supply,
Whitsett, North Carolina, Copyright Carolina Biological Supply.

Figure 6. (A) Marchantia species with flattened thallus. (B) A “leafy” form of a liverwort.
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hypothesis support mosses and liverworts as sister line-
ages. These two hypotheses are favored based on data
from slower evolving amino-acids that are preferred
over nucleotide data and better fitting models that
account for composition heterogeneity. Ultimately the
author discusses his reasoning behind favoring the
monophyly of bryophytes hypothesis and concludes by
discussing the impact of that hypothesis on our under-
standing of plant evolution and the morphology of the
most recent common ancestor of land plants.

Huttunen et al. (2018) explore changes in habitat
and their connection to changes in morphology in a
contemporary phylogenetic framework for the 12,500
moss species, by mapping habitat evolution and seven
morphological characters onto a time-calibrated phyl-
ogeny. They determined that in mosses shifts between
terrestrial, epiphytic, and aquatic habitats have
occurred at least 180 times with derived lineages most
often containing epiphytic and aquatic taxa. Shifts to
aquatic habitats occurred most commonly in cool bio-
mes of the Northern Hemisphere. Reversals to other
habitats occurred in several epiphytic clades, but were
not detected in clades composed of aquatic species.
Additionally, they discuss how the position of the
female gametangia is often linked to growth habit
with transitions to cladocarpy and to a lesser degree
pleurocarpy, occurring frequently during moss evolu-
tion. Sporophyte morphology is also explored. At clas-
sification levels above subclass dehiscence mechanisms
and the peristome are phylogenetically stable, whereas
below the ordinal level sporophyte characters vary
based on environmental conditions. Reduced sporo-
phyte structures are associated with taxa growing in
open, frequently disturbed habitats and epiphytic line-
ages. This article shows how molecular phylogenies
provide a powerful tool for testing the hypothesized
relationships between morphological evolution and
ecological characters and lays the foundation for
future studies of additional morphological structures
across mosses.

Pati~no and Vanderpoorten (2018) explore the eco-
logical and evolutionary biogeography of bryophytes.
They highlight research examining the relationships
between spore and vegetative propagule dispersal, sex-
ual systems, and species distributions. Recent evidence
suggests that vegetative propagules may also contrib-
ute to long distance dispersal (LDD), especially for

Figure 7. Transverse section through the thallus of Marchantia
species. The upper epidermis (UE) is composed of small cells
covered by a cuticle and has numerous barrel-shaped air pores
(AP) or channels for gas exchange. Beneath the upper epider-
mis are air chambers (AC) containing photosynthetic cells or fil-
aments also known as the photosynthetic zone (PZ) or upper
assimilatory region (see insert in upper right). The majority of
the thallus is composed of storage cells (SC) that contain vari-
ous substances including oils. The lower surface has an epider-
mis (LE) with numerous unicellular rhizoids (R; appear
unattached due to section orientation) and multicellular scales
(S) that serve to anchor the thallus to the substrate. Images
were obtained from slides and used with permission from
Carolina Biological Supply, Whitsett, North Carolina, Copyright
Carolina Biological Supply.

Figure 8. Images of Marchantia species with gametangiophores. (A) Mostly archegoniophores (arrows). (B) Mostly antheridio-
phores (arrows).
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species that are not reproducing sexually. They review
the literature reporting transoceanic disjunctions
among bryophyte species, finding that the disjunctions
largely predate continental split events, indicating that
repeated events of LDD most likely explain the dis-
junction patterns. Bryophyte endemism is discussed in
comparison to angiosperms in light of the lack of
overlap in the biodiversity hotspots for these two
groups and the lower levels of endemism found in
bryophytes. Lower levels of bryophyte endemism can
be attributed to widely distributed taxa that are actu-
ally multiple species with narrower distribution ranges,

lower speciation rates, and higher rates of post-
speciation dispersal. They highlight the recent publica-
tion of the worldwide checklist of liverworts and
hornworts that has enabled the demonstration of lati-
tudinal diversity gradients in liverworts based on anal-
yses of species richness distribution patterns. The
authors conclude with a call to action for continued
research in bryophyte taxonomy and floristics that can
inform conservation, especially focusing on the assem-
bly of a worldwide moss checklist that would enable
similar explorations of latitudinal diversity gradients
in these bryophytes.

Figure 9. Gametangiophores of Marchantia. (A) Longitudinal section though an archegoniophore (ARP) showing several archegonia
(AR). T: thallus; S: scales; R: rhizoids. (B) Longitudinal section through an antheridiophore (ANP) and male antheridia (AN). T: thallus.
Images were obtained from slides and used with permission from Carolina Biological Supply, Whitsett, North Carolina, Copyright
Carolina Biological Supply.

Figure 10. Sporophytes of Marchantia. (A) Sporophyte (hanging downward) with foot (F) embedded in the archegoniophore (ARP).
The seta (S) supports the capsule (C) containing spores. (A) Enlargement of the capsule showing thread-like elaters (arrows).
Images were obtained from slides and used with permission from Carolina Biological Supply, Whitsett, North Carolina, Copyright
Carolina Biological Supply.
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Chen et al. (2018) provide an informative and timely
overview of terpenes present in bryophytes. As a start-
ing point, the authors describe the chemical diversity of
terpenes, indicating that in bryophytes the underlying
molecular basis so far remain unaddressed. In the past,
higher plants were thoroughly investigated regarding
the genetic and biochemical capabilities of terpene
metabolism and many plant terpene synthases, includ-
ing mono-, sesqui- and di-terpene synthases, were iso-
lated and characterized; for instance at least 90
monoterpene synthases are known. The plant terpene
gene family is subdivided into seven families, tps a-g.
Based on the reaction mechanism, terpene synthases
either employ ionization-induced carbocation forma-
tion (class I), protonation-induced carbocation forma-
tion (class II), or are bifunctional enzymes that use
both mechanisms. The aspartate-rich motif plays an
important role in coordinating the three-magnesium
cluster, which is involved in binding the diphosphate
moiety of the substrate, e.g., geranyl pyrophosphate
(GPP), farnesyl pyrophosphate (FPP), or geranylgeranyl
pyrophosphate (GGPP). Interestingly, bryophyte ter-
pene synthases are distinct from typical plant terpene
synthases and share more homology with microbial ter-
pene synthases. This is a novel and significant finding
and subsequently, the terpene synthases of bryophytes
are called microbial terpene synthases-like (MTPSL).
State of the art research on MTPSL is presented here
and furthermore, the authors give an overview of the
possible functions of terpenes in the environment and
in plant-plant interactions. The new results regarding
the terpene synthesis gene “equipment” of bryophytes
fit together nicely and support the earlier finding of the
terpene compounds. To our knowledge, a publication
with similar content and combination of topics has
never been published.
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