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Abstract

The evolution of transporting tissues was an important innovation in terrestrial plants that allowed them to adapt to almost
all nonaquatic environments. These tissues consist of water-conducting cells and food-conducting cells and bridge plant—soil
and plant-air interfaces over long distances. The largest group of land plants, representing about 95% of all known plant spe-
cies, is associated with morphologically complex transporting tissue in plants with a range of additional traits. Therefore, this
entire clade was named tracheophytes, or vascular plants. However, some nonvascular plants possess conductive tissues that
closely resemble vascular tissue in their organization, structure, and function. Recent molecular studies also point to a highly
conserved toolbox of molecular regulators for transporting tissues. Here, we reflect on the distinguishing features of conduc-
tive and vascular tissues and their evolutionary history. Rather than sudden emergence of complex, vascular tissues, plant
transporting tissues likely evolved gradually, building on pre-existing developmental mechanisms and genetic components.
Improved knowledge of the intimate structure and developmental regulation of transporting tissues across the entire taxo-
nomic breadth of extant plant lineages, combined with more comprehensive documentation of the fossil record of transport-
ing tissues, is required for a full understanding of the evolutionary trajectory of transporting tissues.

Introduction

Land plants evolved more than 500 million years ago from a
green algal ancestor (Morris et al, 2018; Strother and Foster,
2021). During evolution, terrestrial plants became less de-
pendent on water compared to their aquatic ancestors. One
of the major evolutionary innovations involved in this pro-
cess was the development of water- and food-transporting
tissue systems throughout the plant (de Vries and
Archibald, 2018). These transport systems link the roots in

the soil to the leaves in the atmosphere, solving one of the
biggest tradeoffs in plant life history by allowing for high
rates of gas exchange while remaining hydrated. Together,
these facilitated the evolution of a wide diversity of terres-
trial plants including sky-scraping trees and serpentine vines.

All terrestrial plants have plasmodesmata that connect
the cytoplasm of adjacent cells, but a dedicated tissue sys-
tem for long-distance transport of substance is estimated to
be a million times more efficient for multicellular plants
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ADVANCES

® Combining molecular and fossil data reveals
unexplored insights into the evolution of
transporting tissues.

® Progress in molecular biology applications
through technical advances in e.g. sequencing
leads to the possibility of establishing new
model species across the evolutionary tree of
land plants.

(Raven, 1977). Most plant taxa have some type of dedicated
transporting system, referred to here as water-conducting
cells (WCGs) and food-conducting cells (FCCs). Additionally,
one of the main factors in the evolution of WCC was the
appearance of lignin, granting mechanical strength, hydro-
phobicity, and flexibility (Boyce et al, 2004). Lignin is even
argued to be crucial for xylem cell adaptability and physiol-
ogy at a cellular level (Ménard et al.,, 2021).

The importance of these WCCs that contain lignin is
reflected by the naming of an entire clade after them, which
contains 95% of all extant plant species: the tracheophytes
or vascular plants. Tracheophytes contain specialized WCC,
called tracheids, and FCC, named sieve elements. These two
cell types are the functional parts of the tracheophyte trans-
porting tissues xylem and phloem, respectively. Together
with additional supporting tissues, they make up the vascu-
lature or the vascular tissues (Scarpella and Helariutta,
2010).

The bryophyte lineages form the remaining 5% of extant
species that lack lignified WCC. Yet, bryophytes do possess
conductive tissues (Tansley and Chick, 1901; Hébant, 1977),
which consist of perforated or imperforated WCC, called
hydroids, and FCC, named leptoids (Ligrone et al, 2000;
Figure 1). The difference in nomenclature compared to tra-
cheophytes is based on historic and morphological reasons
but can make comparative discussions somewhat confusing.
We have included a glossary (Table 1) to clarify some of the
terminology used. Additionally, the sparse sampling of plant
species throughout the evolutionary tree (especially bryo-
phytes) and their fossil records (Bippus et al, 2022) results
in considerable gaps in knowledge, contributing to a poor
starting point for comparative anatomy.

The classical view of transporting tissue evolution assumed
an innovation in tracheophytes that has no counterpart in
bryophytes. However, the occurrence of conductive tissues
in some bryophytes, along with fossil discoveries (Edwards
et al, 2022) and recent re-evaluations of phylogenetic rela-
tionships among the bryophyte lineages and vascular plants
(e.g Puttick et al, 2018; Bell et al, 2020; Donoghue et al,
2021) have sparked discussions about the traditional view
on transporting tissue evolution among embryophytes
(Edwards et al, 2022; Tomescu, 2022). These discussions
that consider alternative hypotheses of relationships among
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the main embryophyte lineages have important consequen-
ces for the rate and nature of evolutionary events that gave
rise to conductive and vascular tissues, as well as for the un-
derlying genetic changes associated with these events. For
example, while predominant views have focused on the gain
of vascular tissues as a novelty in the tracheophyte lineage,
one might have to consider an earlier origin in the common
ancestor of embryophytes and subsequent losses in some
bryophyte lineages.

In this opinion paper, we set out to explore what extant
bryophytes and the fossil record can teach us about the
unique features of tracheophyte vasculature and how this
relates to recent molecular insights. We attempt an inte-
grated overview that compares the transporting tissues of
bryophytes and tracheophytes and integrates data from the
early embryophyte and tracheophyte fossil record, to better
understand the evolutionary history of transporting tissues.

The diversity of transporting tissues among
extant plants

Conductive tissue is widely spread among different bryo-
phytes, most of which are seen in liverwort and moss spe-
cies (Figure 2). Mosses can possess hydroids and/or leptoids,
while liverworts can possess perforate WCC and leptoid-like
cells. Conductive tissues are not restricted to only gameto-
phytes or only sporophytes, since some bryophytes show
WCC and FCC in both generations (Renzaglia et al, 1997;
Ligrone et al, 2012). In contrast to the variable occurrence
of conductive tissues in bryophytes, all tracheophytes con-
tain a vasculature, consisting of xylem with tracheids and
phloem with sieve elements as transporting tissues.

Tracheids are defined as elongated, nonliving cells, which
have a secondary cell wall with differential thickenings. They
are connected to other cells by openings in the secondary
cell wall, called pits (Decombeix et al, 2019). Bryophyte
hydroids are similarly elongated and dead upon functioning
and can also contain variable cell wall thickenings; albeit
lacking the tracheophyte-specific lignin polymer. Most bryo-
phyte species, however, possess thin-walled hydroids
(Ligrone et al, 2000), which do not play a role in mechanical
support, in contrast to tracheids. Therefore, bryophytes of-
ten contain specialized reinforced and elongated cells,
known as stereids that perform a structural role. The major
differences between WCC in tracheophytes and bryophytes
seem to be related to cell-to-cell connection (Figure 2) and
composition and thickening of the cell wall (see Biochemical
properties). Cell-to-cell connections in all tracheids involve
diagonal end walls with pits, while numerous pits also line
their side walls enabling transfer between neighboring tra-
cheids. Bryophyte WCCs are not so uniform in their appear-
ance as some have diagonal end walls (mosses), while others
have horizontal end walls (liverworts; Ligrone et al, 2000,
2012).

Sieve elements and leptoids share a common classifier as
elongated, thick-walled cells with an increased number of
intercellular connections (van Bel et al, 2002). Similar to
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Figure 1 Terminology and phylogenetic relationships. The land plant lineages contain different transporting tissues and cell types for the trans-
port of water, nutrients and assimilates. Due to taxonomic and historical reasons, they have a distinct nomenclature. A, In liverworts all tissues in-
volved in transport are called conductive tissues, collectively, and they can be composed of hydroid-like WCCs and leptoid-like FCCs, if present. B,
In mosses, conductive tissues are also composed of WCC (hydroids) and FCC (leptoids), but these are more specialized and more broadly occur-
ring compared to liverworts. Some species that contain WCC lack the diagonal end wall of hydroids (Figures 2 and 3). C, In seed-free tracheo-
phytes (lycophytes, ferns) all tissues involved in transport are called vascular tissues and include xylem and phloem cell types. The generalized
WCC in the xylem are tracheids with secondary cell wall thickenings, while the generalized FCC in the phloem are sieve cells. D, Angiosperms
(and some gymnosperms) evolved vessel elements (a more specialized type of WCC with completely perforated end walls and increased girth) in
the xylem, and sieve elements (a more specialized type of FCC with sieve plates in the end walls) in the phloem.

Table 1 Glossary of terms used.

Term

Definition

Angiosperms

Flowering plants—seed plants in which the seeds are encapsulated within carpels, which are part of
flowers

Bryophytes Nonvascular free-sporing plants that include hornworts, liverworts, and mosses. The haploid gameto-
phytic phase dominates their life-cycle. The three bryophyte lineages are recovered as a clade in some
phylogenetic analyses but not in others

Embryophytes Land plants—the clade including bryophytes and vascular plants, derived from charophycean ancestors
and characterized by a diplohaplontic life-cycle that includes multicellular haploid and diploid phases
(gametophyte and sporophyte, respectively)

Ferns Group of seed-free vascular plants of debated membership. Phylogenies including exclusively extant
plants equate them with the monilophyte clade, which is sister to the seed plant clade and consists of
horsetails, psilotophytes (Psilotum and Tmesipteris) and all other nonlycophyte seed-free tracheo-
phytes. In phylogenies that include fossils, the extant monilophytes are polyphyletic

Gymnosperms Seed plants in which the seeds are not fully enclosed in any structures, or all the nonflowering seed
plants. Living gymnosperms include the conifers, Ginkgo, cycads, and gnetophytes

Hornworts Small clade of bryophytes with thalloid gametophytes and a distinctive sporophyte that is entirely spo-
rangial in nature and has prolonged growth from a basal meristem. Include the genus Anthoceros

Liverworts Clade of bryophytes with thalloid or leafy gametophytes bearing single-celled rhizoids and with ecolu-
mellate sporangia. Marchantia polymorpha is the best studied liverwort

Lycophytes Clade of seed-free vascular plants and sister group to the clade including all seed plants and ferns;
includes spike mosses (Selaginella), clubmosses, and Isoetes

Mosses Largest clade of living bryophytes including taxa like Sphagnum and Physcomitrium patens. Mosses have
leafy gametophytes and sporophytes with elongated stem-like seta and columellate sporangia

Seed plants Gymnosperms and angiosperms—clade of heterosporous plants in which the indehiscent megasporan-

Seed-free tracheophytes

Tracheophytes

gium is covered in an integument. Also known as spermatophytes

A paraphyletic group including all free-sporing tracheophytes (lycophytes, ferns, horsetails,
psilotophytes)

Vascular plants—clade of plants possessing water-conducting tissue (xylem) that contains tracheids and
food-conducting tissue (phloem) that contains sieve cells. They include seed plants and seed-free
tracheophytes and have a diplohaplontic life-cycle dominated by the diploid sporophytic phase
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Figure 2 Evolutionary overview of WCCs throughout the land plant lineage and their occurrence between the haploid (gametophyte) and diploid
(sporophyte) phases depicted by green checkmarks. Arrows point at the sporophyte or gametophyte if highly reduced. Representative species are
chosen for each clade. Bryophyte listing based on Hébant (1977) and Ligrone et al. (2000, 2012).

sieve elements, leptoids have some form of sieve areas with
enlarged plasmodesmatal openings  (Scheirer, 1990).
Bryophyte leptoids differ in their presence of a small vacu-
ole, lacking plastids, and having a microtubular cytoskeleton
and intact mitochondria. Leptoids thus seem to depend less
on their surrounding cells for functionality, which is a char-
acteristic of the angiosperm sieve tube element and com-
panion cell complex. Extant seed-free tracheophytes and
gymnosperms show sieve elements which shared characteris-
tics of both leptoids and angiosperm sieve elements (Evert,
1990; van Bel et al, 2002), suggesting a gradual evolution
and deep origin of these cell types.

The perceived intergradations between the characteristics
of transporting tissues across land plants begs the question
of what are ancestral and which are derived traits in these
tissues. The absence of conductive tissue in most bryophyte
families (Figure 3) has long been considered the ancestral
trait of land plants (Ligrone et al., 2000). In this scenario, dif-
ferent lineages would have converged upon similar cell types
and tissues. In this context, the presence of sieve element-
like FCC in phylogenetically unrelated brown algae (Sykes,
1908) suggests the broad potential for the evolution of
transporting tissues in autotrophic organisms. Alternatively,
the presence of transporting tissue could be the ancestral
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trait for the bryophyte-tracheophyte clade, with numerous
losses in extant species due, for example, to selective pres-
sures brought about by competition with tracheophytes or
by adaptation to changing environments. Future discoveries

and studies of early bryophyte fossils (Tomescu et al., 2018)
and of fossils that bridge the bryophyte-tracheophyte gap
(e.g. Edwards et al, 2022), as well as improved understand-
ing of the genetic and molecular programs instructing con-
ductive and vascular tissue development, along with the

deep phylogenetic relationships of the different lineages, will
likely help to further resolve the origin and sequence of

character evolution in transporting tissues.
The fossil record suggests stepwise evolution

of transporting tissues

Figure 3 Overview of WCCs and FCCs presence in bryophyte clades. Upper panel depicts liverwort clades and the bottom panel depicts mosses

to an early land plant group referred to as eophytes
(Edwards et al., 2022) lack any evidence of WCCs (Figure 4).

Dispersed tubular microfossils that can be traced to the
early Silurian (440 Ma; Pratt et al, 1978 Burgess and
Edwards, 1991) are thought to derive from the same type of
plants (Edwards et al, 1995), wherein they would have per-
formed the same function. Supporting this, a small early
Silurian axial fragment possesses similar cells that probably
formed transporting tissue (Niklas and Smocovitis, 1983),
most likely FCC (Edwards et al,, 1995). Together, these fossils
indicate that the earliest type of specialized transporting tis-
sue consisted exclusively of FCC and was present in land
plants at least as early as 440 Ma ago
While these fossils provide a minimum age for the origin
of FCC-based transporting tissue, the phylogenetic depth of
this origin cannot be ascertained using available data because
of a number of issues. Based on their branched morphology,
the eophytes are regarded as stem-group polysporangio-

Axial fossils from the earliest Early Devonian (415 mega an-

num (Ma)) possess transporting tissue consisting of cells
that are most similar to those of modern bryophyte FCC

(Edwards et al, 1995, 2022). Those fossils, recently assigned

phytes (Edwards et al, 2022). The polysporangiate condition
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Figure 4 Summary of the early fossil record of transporting tissues. The timeline of oldest fossil occurrences representing different plant lineages
(left) is shown in parallel with a timeline of the oldest evidence for different transporting cell or tissue types (right). Numbers correspond to refer-
ences as follows: 1, Salamon et al. (2018); 2, Edwards and Davies (1976); 3, Edwards et al. (2022); 4, Tomescu et al. (2018); 5, Hernick et al. (2008);
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(e.g. the branched sporophyte) is thought to have pre-
ceded the evolution of vascular tissues in a clade that
excludes the bryophytes (Mishler and Churchill, 1985;
Edwards et al, 2022) and the oldest polysporangiophyte
fossils go farther back in time than the eophytes, to 445
Ma, latest Ordovician (Salamon et al, 2018). However, be-
cause of their preservation, we do not know if these oldest
polysporangiophytes possessed any type of transporting tis-
sue. Nevertheless, the existence of polysporangiophytes as
old as 445 Ma implies that the sister group of the poly-
sporangiophyte clade was also present on land. Whether
this sister group was the common ancestor of a clade com-
prising all three bryophyte lineages, only two of them, or
simply one of the three bryophyte lineages, is still debated
(because of the lack of unequivocal phylogenetic resolution
among the main embryophyte lineages (Puttick et al., 2018;
Bell et al, 2020). Either way, this means that bryophyte-
type plants were present as early as 445 Ma in the Late
Ordovician. Thus, the possibility that some of the FCC-like
dispersed microfossils reported from early Silurian and
younger rocks are derived from bryophyte-type plants can-
not be excluded. In fact, using evidence from comparative
anatomy and development, Edwards et al. (2022) have pro-
posed a common origin of bryophyte and tracheophyte
FCC. This would imply that the ancestral embryophyte
possessed FCC, in which case the shared characteristics of
bryophyte and tracheophyte FCC—elongated shape, en-
larged plasmodesmata, breakdown of the vacuole, and
symplastic transport (Ligrone et al, 2000)—provide a

minimum set of features that could have characterized the
ancestral FCC.

Among FCC-equipped polysporangiophytes, the most de-
rived type of WCC—tracheids—had evolved by the late
Silurian 425 Ma ago (Figure 4 Edwards and Davies, 1976).
The preferential preservation of xylem tracheids in all plant
fossils thereafter demonstrates that these WCC had evolved
a cell wall layer impregnated with specialized chemical com-
pounds that made them resistant to degradation, although
it is difficult to prove that these compounds had the exact
chemistry of modern lignin. As a consequence of this, the
absence of tracheids with degradation-resistant walls older
than the late Silurian indicates that this type of WCC did
not evolve much earlier than 425 Ma ago. By about 410-
400 Ma ago in the Early Devonian, the wall thickenings
recorded in the tracheids of different vascular plant groups
(Kenrick and Crane, 1991; Edwards, 1993; Cascales-Minana
et al, 2019) had attained a level of structural diversity un-
equalled since. If the different structural types documented
in the Early Devonian represent successive stages in the evo-
lution of development of tracheid secondary wall thicken-
ings, as hypothesized by Cook and Friedman (1998), then
the subsequent reduction in the diversity of secondary wall
thickenings to only two—represented by modern lycophyte
and euphyllophyte tracheids—would be the result of post-
Early Devonian extinctions.

Nontracheid WCCs are reported in approximately 409-
Ma-old polysporangiophytes of the Early Devonian Rhynie
Chert: the protracheophyte Aglaophyton with elongated cells



Origin and evolution of transporting tissues

possessing thin walls with reticulate thickenings, which were
probably not lignified (Boyce et al, 2003); and Nothia with
WCC possessing uniformly thickened walls with possibly
bilayered organization (Edwards, 1993, 2003). Although these
nontracheid WCCs have been compared with those of bryo-
phytes, they have no exact counterparts among bryophytes
(Edwards, 1993). Beyond these Early Devonian occurrences,
the fossil record of nontracheid WCC cannot be recon-
structed from the available data. For instance, some of the
dispersed tubular microfossils that go back to the late
Ordovician (445 Ma ago; Edwards and Wellman, 2001) may
be embryophyte WCC (or FCC) but cannot be ascertained
as such until found preserved within plant tissues, because
nontracheid WCC—whether bryophytic or polysporangio-
phytic—lack unequivocal diagnostic features.

In summary, our current understanding of the fossil re-
cord and phylogeny of early embryophytes and polysporan-
giophytes suggests a deep origin and stepwise evolution of
transporting tissues. The earliest such tissues seem to have
been food transporting and may have evolved as deeply as a
common ancestor of bryophytes and tracheophytes. The
eophytes, which possess FCC but lack WCC, suggest that
the latter evolved later among polysporangiophytes; likewise,
the WCC of protracheophytes suggest xylem tracheids
evolved by sequential acquisition of characters in WCC
(Cascales-Minana et al, 2019). Chronologic discrepancies be-
tween this hypothetical sequence of transporting tissue evo-
lution and its phylogenetic  progression among
polysporangiophytes (Tomescu, 2022) are probably a reflec-
tion of huge gaps in the exploration of the fossil record and
scale-related difficulties in evaluating fossil evidence. To date,
only a precious few fossil assemblages have delivered plant
fossils with tissue-level preservation of ages relevant to ques-
tions related to the deep evolution of transporting tissues.
Concurrently, detailed comparisons that can lead to empiri-
cally supported inferences on the function of fossil cells and
tissues require observation of structural details at very fine
anatomical scales. In turn, this requires exceptional cellular
preservation of plant fossils, which further narrows down
the number of known fossil assemblages that can be queried
to address the evolution of transporting tissues.

Perhaps the most crucial unknowns—and accordingly the
biggest potential source of breakthroughs—are associated
with the bryophyte fossil record, which is extremely sparse
in its deepest reaches. The oldest unequivocal bryophyte fos-
sils (exclusively preserved spores) are only ~385 Ma old
(Early Devonian), with older records bearing increasingly
more questionable bryophyte affinity (Tomescu et al., 2018).
Important for our discussion, bryophyte fossils that preserve
internal tissues are only 255 Ma old (Smoot and Taylor,
1986), much too young to have any bearing on questions of
deep transporting tissue evolution. Thus, if bryophytes are
at least as old as the polysporangiophytes (445 Ma), all ma-
jor questions related to the earliest players and steps of the
evolution of their transporting tissues and the bryophyte—
tracheophyte transition remain unanswered, for now,
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pending denser sampling of the deep bryophyte fossil re-
cord; along with them, our understanding of what the early
bryophyte FCC and WCC looked like. Likewise, it is currently
not possible to confidently state whether water-transporting
tissues have a single common origin or evolved indepen-
dently in the polysporangiophytes and various bryophyte
lineages.

Organization and patterning of transporting
tissues

Despite the broad histological diversity of each of the water-
transporting and food-transporting tissues across embryo-
phytes, these transport systems always occupy the central
regions of the plant organs (Spencer et al, 2021; Tomescu,
2021). Moreover, in the arrangement of transporting tissues
relative to each other, the WCCs are always positioned
closer to the center of the axis (whether stem or root) than
the food-transporting cells, if present (Scarpella and
Helariutta, 2010). This consistency in the relative positioning
of the two tissue types across plant organs and lineages sug-
gests strongly conserved developmental or physical con-
straints  responsible for the overall organization of
transporting tissues along the radial axis of polarity. In line
with this, the water transport cells are often thick-walled
elements, or accompanied by stereids in some bryophytes,
for mechanical support (Ligrone et al,, 2000), hinting toward
a conservation in plant body plan and the overall organiza-
tion of transporting tissues.

In contrast, the actual patterning of transporting tissues
observed among species and even within the different
organs of a single plant is incredibly diverse. For example, in
many tracheophytes, vascular patterning is strikingly differ-
ent between shoots and roots. Tracheophyte roots all pos-
sess a protostele type of organization with a single central
strand of xylem. Lycophytes also possess protostelic organi-
zation in their shoots (Gifford and Foster, 1989; Decombeix
et al, 2019), while most fern shoots possess siphonosteles
that feature a central pith and angiosperms shoots have a
derived eustele consisting of discrete vascular strands each
containing both xylem and phloem (Tomescu, 2021).
Recently, a detailed analysis of the fern clade suggested that
innovations in vascular organizations can mainly be traced
back to body size, suggesting no direct selection on organi-
zation (Suissa and Friedman, 2022).

Nonetheless, the protostelic organization of roots is similar
to that of bryophytes, which possess a central core of hydro-
ids surrounded by leptoids. This shared organization sug-
gests that both share ancestral mechanisms of tissue
patterning. The connection between the two is provided by
the earliest fossil tracheophytes, whose sporophytes were
not differentiated into stems, leaves, and roots, and instead
consisted of simple branched photosynthetic axes. On one
hand, these axes, which had protostelic organization (e.g.
Gensel and Andrews, 1984), were simple elaborations of the
unbranched sporophytic axes of bryophytes (Rothwell et al.,,
2014). On the other hand, they were the basic organ type



92 | PLANT PHYSIOLOGY 2022: 190; 85-99

from which roots (and shoots) evolved in different lineages
(Boyce, 2010), likely inheriting the same mechanisms of tis-
sue patterning.

Evolution of the molecular toolbox for
transporting tissue development

In recent years, while molecular research on nonangiosperm
models has gained traction, understanding of the molecular
mechanisms underlying the development and differentiation
of WCC and FCC has remained limited. This can largely be
attributed to the choice of nonangiosperm models currently
used: the popular liverwort model Marchantia polymorpha
(further referred to as Marchantia) lacks any form of differ-
entiated conductive tissues, while the commonly studied
moss Physcomitrium patens lacks leptoids. Clearly, expanding
this set of genetic/molecular model systems by addition of
bryophytes that have a broader suite of conducting cells, as
well as studies on lycophytes and ferns (such as Selaginella
moellendorffii and Ceratopteris richardii) holds great promise
for filling this gap in our knowledge. Genome and RNA-seq
data (eg. 1KP project) are becoming available for many
more species. Together with the increasing use of single-cell
technologies, including bryophytes (Kubo et al, 2019), this
should help better define commonalities and differences in
tissue types and their tissue-specific regulators and identity
markers across species. Taken together, recent technological
advances provide a unique starting point to understand the
key innovations that allowed complex transporting tissue
development.

In general, key processes and their associated protein fami-
lies in vasculature development seem highly conserved

Liverworts

Lycophytes
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throughout evolution (Figure 5; Floyd et al, 2006; Lucas
et al, 2013; Xu et al, 2014 Bennett, 2015 Ohtani et al,
2017; Mutte et al, 2018 Wu et al, 2019; Lu et al, 2020;
Mohanta et al, 2020). This is in line with the hypothesis
that land plant innovation is mainly based on gene co-
option rather than evolution of novelties (Bowles et al,
2020). However, gene families tend to increase in size within
the tracheophyte lineage, compared to bryophytes. The
NAM-ATAF1,2-CUC2 (NAC) and DNA binding with one fin-
ger transcription factor families show the most considerable
increases, approximately 10-fold or higher, between bryo-
phytes and angiosperms, corresponding with vascular tissue
evolution (Bowman et al, 2017). Most genes involved in vas-
cular development known from angiosperms have orthologs
across embryophytes, suggesting the existence of a regula-
tory module that dates back to the earliest land plants
(Bowles et al., 2022). However, in terms of functional charac-
terization of such conserved genes there are big gaps in our
knowledge, which preclude discussions of major aspects in
the evolution of transporting tissue development.

In xylem, the three key processes of conducting cell differ-
entiation are cell elongation (including cell wall loosening),
cell wall thickening, and programmed cell death which are
universal processes found throughout the land plant lineage.
Moss hydroids share these characteristics (Hébant, 1977).
The main requirement for producing a functional water-
transporting system would be to coordinate these processes.
Such coordination in Arabidopsis thaliana (hereafter referred
to as Arabidopsis) prominently involves auxin and cytokinin
signaling, whose interplay positions the xylem and phloem
poles in the root (Bishopp et al, 2011; De Rybel et al, 2013,
2014, 2016). Extensive research into these hormonal
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Figure 5 Overview of key vasculature regulators for specification and differentiation known from Arabidopsis [reviewed in De Rybel et al. (2016)
and Ohtani et al. (2017)], and the orthologs of these genes in other taxa with assumed similar roles. ARABIDOPSIS HISTIDINE
PHOSPHOTRANSFER PROTEIN 6 (AHP6), WUSCHEL RELATED HOMEOBOX 4 (WOX4), PHLOEM EARLY DOF (PEAR), and ALTERED PHLOEM
DEVELOPMENT (APL) are not further discussed in the text and lack evolutionary characterization. WOX functioning in ferns based on
Youngstrom et al. (2022). Note that Marchantia has no hydroids or leptoids and that little information is available for these bryophytes. Certainty
about the functioning decreases from Arabidopsis to bryophytes (lighter coloring of the boxes).
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pathways showed a strong conservation in all land plants.
The nuclear auxin signaling pathway is deeply conserved in
land plants (Mutte et al, 2018), and there are even unchar-
acterized homologs to key components of this pathway
among the closest algal relatives of land plants (charo-
phytes). The scenario for cytokinin signaling is very similar
[reviewed in Rashotte (2021)]. However, the roles of these
two signaling pathways in transporting tissue patterning
have not been explored in depth outside of flowering plants.
Similar to Arabidopsis vascular patterning, the P. patens cy-
tokinin response was shown to be auxin-sensitive (Lavy
et al, 2016; Rashotte, 2021), suggesting that this link may be
ancient. P. patens PIN proteins [reviewed in Naramoto et al.
(2022)] are expressed in the midvein of the gametophytic
leaves, which contains hydroids (Viaene et al, 2014).
However, auxin response reporters (e.g. GH3) do not show
apparent signal in midveins (Bennett et al, 2014). Thus,
while it is certainly possible that the hormonal control un-
derlying patterning is conserved, there is no direct homology
at this level, and roles of auxin and cytokinin in conductive
tissue development in bryophytes largely remain an open
question.

While analogies at the level of hormone signaling are
unclear and not studied in detail, the role of the immediate
signaling output has been explored in more depth. In
Arabidopsis, the auxin-activated TARGET OF
MONOPTEROS 5 (TMOS5) transcription factor heterodimer-
izes with LONESOME HIGHWAY (LHW) to promote vascu-
lar cell proliferation through activating cytokinin
biosynthesis (Ohashi-lto and Bergmann, 2007; Schlereth
et al, 2010; De Rybel et al, 2013, 2014; Ohashi-Ito et al,
2014). Homologs for both TMO5 and LHW are found in all
three major bryophyte lineages. Bryophyte TMOS5 orthologs
were able to rescue Arabidopsis tmo5 double mutant phe-
notypes, while LHW orthologs were unable to rescue lhw
mutants. In M. polymorpha it thus appears these orthologs
play independent roles (Lu et al, 2020). On this basis, it is
proposed that the heteromeric interaction arose uniquely in
the ancestors of tracheophytes, in which these two tran-
scriptional regulators were redeployed for vasculature
proliferation.

The examples of TMOS5 conservation and, concurrently,
proposed LHW neo-functionalization show the difficulty to
identify conserved functions in transporting tissue develop-
ment and genetic regulation, across wide evolutionary dis-
tances. Most studies focus on comparisons of gene
expression domains between bryophytes and angiosperms
while the two groups are highly divergent in terms of anat-
omy and life history. This is reflected in the low level of con-
servation of gene expression patterns between bryophytes
and angiosperms (Sz6vényi et al, 2011). Nonetheless, HD-
ZIP class Il transcription factors, strongly associated with
vascular tissue development in Arabidopsis (Emery et al,
2003), are likewise expressed in the P. patens leaf midrib
(Yip et al, 2016), which possesses hydroids, as well as in S.
moellendorffii vasculature (Floyd et al, 2006; Frank et al,
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2015). In P. patens, suppression of HD-ZIP Il expression
causes defects in midrib formation. However, these are ac-
companied by pleiotropic defects in gametophore develop-
ment (Yip et al, 2016), which makes inference of a role in
conductive tissue development difficult. HD-ZIP Il genes are
regulated by the deeply conserved miRNA165/166 (Tsuzuki
et al, 2016; Yip et al, 2016; Yadav et al, 2021), and this sug-
gests that a miRNA/HD-ZIP 1l module may broadly operate
in controlling transporting tissue development.

Vascular development in Arabidopsis prominently features
intercellular movement of hormones, proteins, and small
RNA’s [reviewed in De Rybel et al. (2016)]. In addition to
auxin and cytokinin, these include SHORT-ROOT (Nakajima
et al, 2007; Cui et al, 2007) and AT-hook motif nuclear-
localized (Zhou et al, 2013) proteins, as well as the previ-
ously mentioned miRNA165/166 (Carlsbecker et al, 2010).
The extensive incorporation of mobile signals in the devel-
opment of transporting tissues seems less pronounced in
bryophytes and seed-free tracheophytes. Plasmodesmata
seem to be differently wired in bryophytes and ferns
(Ligrone and Duckett, 1998; Imaichi and Hiratsuka, 2007;
Imaichi et al, 2018), while tRNA and mRNA mobile signals
seem absent from bryophytes (Fabres et al, 2021). Possibly,
mobile signals and vascular tissue development co-evolved;
facilitating the increasing complexity of tracheophyte vascu-
lar tissues compared to the less elaborate bryophyte con-
ductive tissues.

Cell identity specification and differentiation
in transporting tissues

The regulation of cell position, identity, and tissue pattern-
ing is likely to be strongly adapted to unique anatomies and
specific functional needs. In contrast, the functional differen-
tiation leading to conducting cells may be more similar be-
tween different lineages, given the constraints that function
imposes on cellular properties. As the key differentiation reg-
ulators are being identified by molecular and genetic studies
in Arabidopsis and other tracheophytes, comparative analy-
ses indicate that certain aspects of the regulation of con-
ducting cell differentiation are conserved among lineages.
NAC-domain  containing VASCULAR-RELATED  NAC-
DOMAIN (VND) proteins are involved in xylem differentia-
tion and are sufficient to ectopically trigger xylem-like
secondary cell wall formation in tracheophytes (Kubo et al,
2005). A study on P. patens showed that its VND orthologs,
named VNS, are expressed in gametophore midribs and are
necessary for hydroid and stereid differentiation and func-
tioning. Triple vns mutants show disrupted hydroid and
stereid development, which reduces water-conducting ca-
pacity but without alteration of the overall growth habit un-
der standard growth conditions. Additionally, expression of
Arabidopsis VND and P. patens VNS factors showed known
downstream target genes to be conserved (Xu et al, 2014).
This evidence strongly suggests a common origin, rather
than homoplasy between hydroids and tracheids.
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Besides these striking similarities, one substantial difference
is that P. patens hydroids do not contain a pronounced sec-
ondary cell wall (Xu et al, 2014). Moreover, secondary walls
structurally equivalent to those of tracheophyte tracheary
elements have not been demonstrated in the hydroids of
any other bryophyte species (Ligrone et al,, 2000). However,
the NAC orthologs of P. patens and Sphagnum palustre can
induce secondary cell wall thickening in Arabidopsis
and Nicotinana benthamiana, respectively (Xu et al, 2014;
Terada et al, 2021). Although limited to a single gene family,
this finding suggests a conserved genetic basis for the regula-
tion of cell wall thickening and other functional properties
of conducting cells across land plants.

Conserved biochemical properties

An important aspect of vascular tissue development and its
role in adaptation are the cell wall components that provide
mechanical support under low turgor conditions or against
the negative pressures associated with water conduction (de
Vries and Archibald, 2018). Plant cell walls are composed
mainly of cellulose and pectin polymers. These polymers are
highly conserved throughout phylogeny but differ in their
abundance and localization between embryophytes (Table 2;
Popper and Tuohy, 2010; Niklas et al, 2017; Vanholme et al,
2019; Jamet et al, 2020). For example, mannan is relatively
abundant in bryophytes and fern cell walls, yet almost ab-
sent from angiosperms (Plancot et al, 2019; Chernova et al,
2020), while xylan is more abundant in tracheophytes
(Carafa et al, 2005). However, the most striking difference
seems to be the absence of lignin polymers from all extant
bryophytes (Popper and Tuohy, 2010).

Lignin is a polymer of phenolic precursors derived from
the phenylpropanoid pathway. In Arabidopsis, its synthesis
is under control of VND6/7 NAC-domain proteins. Eleven

Woudenberg et al.

core enzyme families are involved in the phenylpropanoid
pathway, of which eight are dedicated to lignin synthesis
[reviewed in Yao et al. (2021)]. Together, these enzymes cre-
ate the three main lignin monomers: p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S) monolignols. These monoli-
gnols can polymerize to form distinct classes of lignin
(Weng and Chapple, 2010; Niklas et al, 2017). Throughout
the tracheophyte lineage, there are distinct preferences for
subclasses: H-lignin is abundant in seed-free vascular plants,
G-lignin in gymnosperms, and S-lignin is only present in
angiosperms and lycophytes (Weng et al., 2008).

In bryophytes, the major components of the phenylpropa-
noid pathway are conserved (Kriegshauser et al, 2021), in-
cluding the enzyme families responsible for lignin monomer
synthesis (Xu et al,, 2009). This corresponds with the detec-
tion of H- and G-lignin monomers (Espineira et al, 2011)
and the detection of lignin-specific epitopes in bryophytes
(Ligrone et al., 2008). Only the enzyme necessary for S-lignin
biosynthesis seems absent from bryophytes (Yao et al,
2021). However, the genomic conservation of these gene
families does not directly imply conserved functions as some
P. patens enzymes were shown to utilize a different sub-
strate and, thus, potentially catalyze a different reaction, out-
side the lignin synthesis pathway (Renault et al,, 2019).

Lignin is important in strengthening the cell wall by ex-
cluding water due to its aromatic nature. In bryophytes, the
phenolic dimer lignan is present (Weng and Chapple, 2010).
It is not unlikely that utilizing different compounds and/or a
mixture of them can create lignin-like characteristics, espe-
cially as knowledge about the exact bryophyte cell wall com-
position and variety is still limited (Pfeifer et al, 2022).
Additionally, it was shown that Polytrichum commune
hydroids could withstand similar physical pressures and be
as effective in water transport as tracheids (Brodribb et al,,

Table 2 Cell wall components and polymers in land plant taxa. (A) Known cell wall components within the Charophyte (as common ancestors)
which are found with other land plants and specific polymers present only in other land plants, "v" indicated the presence of a specific polymer.
(B) The presence of several known polymers and the abundance within different land plant taxa. Numbers correspond to references as follows: 1,
Matsunaga et al. (2004); 2, Popper and Tuohy (2010); 3, Carafa et al. (2005); 4, Popper (2008); 5, Harris (2005).

A) Cell wall components in land plant taxa (1-5)

Polymer Charophytes Bryophytes Tracheophytes Horsetails Monocots
Cellulose v v v v v
Xylan v v v v 4
Mannan v v v v v
Xyloglucan v v v v v
Arabinogalactan v v v v 4
B-D-glucan v v
Lignin v v v
Silica v v 4
B) Polymer presence and abundance in land plant taxa

Polymer Bryophytes Ferns/Lycophytes Seed plants

Rhamnogalacturonan-Il (1,2) Gametophyte (+)

Xylan (3) Gametophyte (+)
Lignin (4) /
Mannan (5) Gametophyte (++)

Throughout plant (++)
Vascular and mechanical tissue (++ )

Throughout plant (++)
Vascular and mechanical tissue (++)
Tracheids (++)

Seeds (+)

Tracheids (++)
Fibers (+++)
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2020). This indicates that the only shared functional charac-
teristics of transporting tissues are related to their ability to
transport by coping with the forces associated with this
function and preventing embolisms, with or without lignin.

In an evolutionary context, lignin does not seem to be ex-
clusively associated with fossilized plants that are classified
as tracheophytes. The fossil record suggests a gradual evolu-
tion and incorporation of lignin into the transport system
(Weng and Chapple, 2010). In Aglaophyton, a protracheo-
phyte without true tracheids thought to bridge the bryo-
phyte-tracheophyte gap (Cascales-Minana et al, 2019),
lignin is only found outside the conductive tissues (Boyce
et al, 2003). Similarly, the presence of thin-walled hydroids
in bryophytes, unlike the tracheids with secondary wall
thickenings of vascular plants, suggests that the functional
constraints are dependent on the specific species and their
needs. It could well be that bryophytes do not need a spe-
cific phenolic polymer like lignin in their conductive tissue,
due to their growth habit.

Discussion and outlook

The presence of a vascular system is generally considered a
defining feature of tracheophytes, which grants them an
adaptive advantage in terrestrial habitats by providing the
combination of an efficient transport system and mechanical
support. However, corresponding tissues in bryophytes show
clear similarities in structure, function, organization, and mo-
lecular regulation. These similarities, considered together with
differences between the transport systems in tracheophytes
and bryophytes, point toward a gradual increase in complex-
ity along the evolutionary history of transporting tissues and
no clear distinction between the two groups. Important for
this consideration is to acknowledge both differences and
evolutionary graduality between tracheophyte clades: from
lycophytes and monocots to angiosperms, in terms of their
transporting tissues (Spicer and Groover, 2010; Spencer et al,,
2021). Although the presence of lignin in tracheophytes
would seem to represent a major discriminator, its functional
role in tracheophytes is probably not unique when looking at
bryophyte WCC (Brodribb et al, 2020) and should also be
considered in the context of their ability to control water loss
along with stomata and cuticle emergence (Merced and
Renzaglia, 2017; Kong et al, 2020; Clark et al, 2022).

The notion that there is no strict distinction between the
transport tissues of bryophytes and tracheophytes but,
rather, evolutionary continuity, is in line with the overall pic-
ture of the evolution of plant tissues and organs that seem
to redeploy existing regulatory machinery among lineages by
gene co-option (see Plackett et al, 2015 Harrison and
Morris, 2018; Motte et al., 2020), rather than incorporating
entirely new pathways or networks (Bowles et al, 2020).
However, the evolution of genetic pathways does not neces-
sarily correspond with the evolution of morphological struc-
tures, as is evident from the independent evolutionary
origins of roots, that express similar genes (Huang and
Schiefelbein, 2015). Nonetheless, these extant and derived
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forms give no clear picture of the ancestral starting point.
The fossil record has been (e.g. Edwards et al., 2022) and will
continue to be a source of crucial information and surpris-
ing discoveries that will contribute to the picture of trans-
porting tissue evolution. Current understanding of the fossil
record suggests deep origin of transporting tissues (pre-dat-
ing the tracheophytes) and stepwise evolution. However,
substantial gaps currently existing in the exploration of its
deepest reaches withhold direct evidence of intermediate
forms (missing links) between major living and extinct line-
ages that could provide meaningful answers to the key ques-
tions on the evolution of transporting tissues.

Whole-genome duplications are thought to play pivotal
roles in evolution by providing opportunities for large scale
neo-functionalization (Jiao et al, 2011; Soltis and Soltis, 2016).
However, no apparent whole-genome duplication seems to
have occurred between the bryophytes and early tracheo-
phytes (Clark and Donoghue, 2018). This is consistent with a
gradual evolution—as supported by the fossil record—based
on successive co-option of genes, and could explain why
most vascular regulators are present throughout the phylog-
eny of land plants (Bowles et al, 2022). The diversification of
gene families in tracheophytes subsequent to their divergence
from bryophytes may well have facilitated the diversification
and elaboration of more extensive developmental programs,
including those regulating secondary growth.

A more important distinction between all the discussed
species and lineages relates to their ecological niches and
distinct evolutionary trajectories. The presence of WCC and
FCC among and within the bryophyte lineages does not ex-
actly parallel patterns of phylogeny. This complicates the in-
terpretation of both phylogenetic relationships among those
lineages and evolutionary trajectories of transporting tissues.
The absence of conducting cells or known regulators in
some species may well reflect the distinct evolutionary paths
those lineages followed from common ancestors and their
ancestral character states. For instance, in P. patens some
gene families show an increased rate of diversification while
others have an increased rate of gene-loss (Rensing et al,
2008). If the ancestor of bryophytes was more tracheophyte-
like, as hypothesized by Donoghue et al. (2021), possible
gene losses for some processes in bryophytes (Harris et al,
2020) could explain the differences between bryophyte con-
ductive tissue and tracheophyte vascular tissues.

Similarly, it is hard to generalize common traits of vascular
tissues within the tracheophyte clade. For example, there is
variability in morphology, molecular regulation, and cell wall
compositions between lycophytes, ferns, and seed plants.
However, particularly genetic and molecular studies have fo-
cused largely on a small number of angiosperm species, and
knowledge in other clades is largely absent. As many
genomes are now becoming available from highly relevant
taxa among ferns (Marchant et al, 2019) and hornworts (Li
et al, 2020), future genetic studies on these species will likely
provide insights into transporting tissue function and evolu-
tion, currently not attainable by available data.
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OUTSTANDING QUESTIONS BOX

® How does transporting tissue develop and
differentiate at the anatomical level, and how is
it regulated at the molecular level in less
characterized species from across the
taxonomic breadth of land plants?

® With no living common ancestor, will it ever
be possible to determine the evolutionary path
and ancestral state of transporting tissues?

® Can new fossil discoveries or reanalysis of
available fossils provide a better understanding
of the changes in development associated with
the evolution of transporting tissues?

Based on the above considerations, one could consider
the traditional dichotomy between bryophytes and tracheo-
phytes as helpful from some perspectives, but also mislead-
ing from an evolutionary viewpoint. The usage of a different
terminology for functionally similar and potentially homolo-
gous cell types and tissues between the two clades reinfor-
ces this dichotomy and complicates comparative
discussions. Focusing on analogies and homology, the evolu-
tion of similar solutions to different problems, or even differ-
ent solutions to similar problems, may help us better
understand the contexts in which transporting tissues act,
and the evolutionary forces acting upon them (see
Outstanding questions). Using the terminology proposed
here (see Figure 1) could act as a first step to minimize con-
fusion and shift the focus of discussions on the many simi-
larities between conductive tissues in bryophytes and
vascular tissues in tracheophytes, instead of highlighting the
perhaps more limited set of differences between them.

Funding

This work was funded by a grant from the Graduate School
Experimental Plant Sciences (EPS) to S.W. and the Research
Foundation—Flanders (FWQO; Odysseus Il GODO515N) to
B.D.R.

Conflict of interest statement. None declared.

References

Bell D, Lin Q, Gerelle WK, Joya S, Chang Y, Taylor ZN, Rothfels
CJ, Larsson A, Villarreal JC, Li FW (2020) Organellomic data sets
confirm a cryptic consensus on (unrooted) land-plant relationships
and provide new insights into bryophyte molecular evolution. Am
J Bot 107: 91-115

Bennett T (2015) PIN proteins and the evolution of plant develop-
ment. Trends Plant Sci 20: 498-507

Bennett TA, Liu MM, Aoyama T, Bierfreund NM, Braun M,
Coudert Y, Dennis RJ, O’Connor D, Wang XY, White CD (2014)
Plasma membrane-targeted PIN proteins drive shoot development
in a moss. Curr Biol 24: 2776-2785

Woudenberg et al.

Bippus AC, Flores JR, Hyvonen J, Tomescu AMF (2022) The role of
paleontological data in bryophyte systematics. ] Exp Bot doi:
10.1093/jxb/erac137

Bishopp A, Help H, El-Showk S, Weijers D, Scheres B, Friml },
Benkova E, Mihonen AP, Helariutta Y (2011) A mutually inhibi-
tory interaction between auxin and cytokinin specifies vascular
pattern in roots. Curr Biol 21: 917-926

Bowles AM, Bechtold U, Paps J (2020) The origin of land plants is
rooted in two bursts of genomic novelty. Curr Biol 30: 530-536.e2

Bowles AM, Paps J, Bechtold U (2022) Water-related innovations in
land plants evolved by different patterns of gene co-option and
novelty. New Phytol 235: 732-742

Bowman JL, Kohchi T, Yamato KT, Jenkins ), Shu S, Ishizaki K,
Yamaoka S, Nishihama R, Nakamura Y, Berger F (2017) Insights
into land plant evolution garnered from the Marchantia polymor-
pha genome. Cell 171: 287-304.e15

Boyce CK (2010) The evolution of plant development in a paleonto-
logical context. Curr Opin Plant Biol 13: 102-107

Boyce CK, Cody GD, Fogel ML, Hazen RM, Alexander CMOD,
Knoll AH (2003) Chemical evidence for cell wall lignification and
the evolution of tracheids in early Devonian plants. Int J Plant Sci
164: 691-702

Boyce CK, Zwieniecki MA, Cody GD, Jacobsen C, Wirick S, Knoll
AH, Holbrook NM (2004) Evolution of xylem lignification and hy-
drogel transport regulation. Proc Natl Acad Sci 101: 17555-17558

Brodribb T, Carriqui M, Delzon S, McAdam S, Holbrook N (2020)
Advanced vascular function discovered in a widespread moss. Nat
Plants 6: 273-279

Burgess N, Edwards D (1991) Classification of uppermost
Ordovician to Lower Devonian tubular and filamentous macerals
from the Anglo-Welsh Basin. Bot J Linnean Soc 106: 41-66

Carafa A, Duckett JG, Knox )P, Ligrone R (2005) Distribution of
cell-wall xylans in bryophytes and tracheophytes: new insights into
basal interrelationships of land plants. New Phytol 168: 231

Carlsbecker A, Lee J-Y, Roberts CJ, Dettmer ), Lehesranta S, Zhou
J, Lindgren O, Moreno-Risueno MA, Vatén A, Thitamadee S
(2010) Cell signalling by microRNA165/6 directs gene
dose-dependent root cell fate. Nature 465: 316321

Cascales-Minana B, Steemans P, Servais T, Lepot K, Gerrienne P
(2019) An alternative model for the earliest evolution of vascular
plants. Lethaia 52: 445

Chernova T, Ageeva M, Mikshina P, Trofimova O, Kozlova L, Lev-
Yadun S, Gorshkova T (2020) The living fossil Psilotum nudum
has cortical fibers with mannan-based cell wall matrix. Front Plant
Sci 11: 488

Clark JW, Donoghue PC (2018) Whole-genome duplication and
plant macroevolution. Trends Plant Sci 23: 933-945

Clark JW, Harris B), Hetherington A), Hurtado-Castano N, Brench
RA, Casson S, Williams TA, Gray JE, Hetherington AM (2022)
The origin and evolution of stomata. Curr Biol 32: R539-R553

Cook ME, Friedman WE (1998) Tracheid structure in a primitive ex-
tant plant provides an evolutionary link to earliest fossil tracheids.
Int J Plant Sci 159: 881-890

Cui H, Levesque MP, Vernoux T, Jung JW, Paquette A), Gallagher
KL, Wang JY, Blilou I, Scheres B, Benfey PN (2007) An evolution-
arily conserved mechanism delimiting SHR movement defines a
single layer of endodermis in plants. Science 316: 421-425

De Rybel B, Adibi M, Breda AS, Wendrich JR, Smit ME, Novak O,
Yamaguchi N, Yoshida S, Van Isterdael G, Palovaara ] (2014)
Integration of growth and patterning during vascular tissue forma-
tion in Arabidopsis. Science 345: 1255215

De Rybel B, Mdhénen AP, Helariutta Y, Weijers D (2016) Plant
vascular development: from early specification to differentiation.
Nat Rev Mol Cell Biol 17: 30-40

De Rybel B, Mdoller B, Yoshida S, Grabowicz I, de Reuille PB,
Boeren S, Smith RS, Borst JW, Weijers D (2013) A bHLH complex
controls embryonic vascular tissue establishment and indetermi-
nate growth in Arabidopsis. Dev Cell 24: 426-437



Origin and evolution of transporting tissues

de Vries ), Archibald JM (2018) Plant evolution: landmarks on the
path to terrestrial life. New Phytol 217: 1428-1434

Decombeix A-L, Boura A, Tomescu AM (2019) Plant hydraulic ar-
chitecture through time: lessons and questions on the evolution of
vascular systems. IAWA ] 40: 387-420

Donoghue PC, Harrison CJ, Paps J, Schneider H (2021) The evolu-
tionary emergence of land plants. Curr Biol 31: R1281-R1298

Ebringerova A (2005) Structural diversity and application potential
of hemicelluloses. In Macromolecular Symposia, Vol 232. Wiley
Online Library, pp 1-12

Edwards D (1993) Cells and tissues in the vegetative sporophytes of
early land plants. New Phytol 125: 225-247

Edwards D (2003) Xylem in early tracheophytes. Plant Cell Environ
26: 57-72

Edwards D, Davies E (1976) Oldest recorded in situ tracheids.
Nature 263: 494-495

Edwards D, Duckett J, Richardson JB (1995) Hepatic characters in
the earliest land plants. Nature 374: 635-636

Edwards D, Morris JL, Axe L, Duckett )G, Pressel S, Kenrick P
(2022) Piecing together the eophytes—a new group of ancient
plants containing cryptospores. New Phytol 233: 1440-1455

Edwards D, Wellman C (2001) Embryophytes on land: The
Ordovician to Lochkovian (Lower Devonian) record. In PG Gensel,
D Edwards, eds, Plants Invade the Land. Columbia University Press,
New York, pp 3-28

Emery JF, Floyd SK, Alvarez ), Eshed Y, Hawker NP, Izhaki A,
Baum SF, Bowman JL (2003) Radial patterning of Arabidopsis
shoots by class Il HD-ZIP and KANADI genes. Curr Biol 13:
1768-1774

Espineira J, Novo Uzal E, Gomez Ros L, Carrion J, Merino F, Ros
Barcel6 A, Pomar F (2011) Distribution of lignin monomers and
the evolution of lignification among lower plants. Plant Biol 13:
59-68

Evert RF (1990) Seedless vascular plants. In HD Behnke, RD Sjolund,
eds, Sieve Elements: Comparative Structure, Induction and
Development. Springer Berlin Heidelberg, Berlin, Heidelberg, pp 35-62

Fabres P), Anand L, Sai N, Pederson S, Zheng F, Stewart AA,
Clements B, Lampugnani ER, Breen ), Gilliham M (2021) Tissue
and regional expression patterns of dicistronic tRNA-mRNA tran-
scripts in  grapevine (Vitis vinifera) and their evolutionary
co-appearance with vasculature in land plants. Horticult Res 8: 1-15

Floyd SK, Zalewski CS, Bowman JL (2006) Evolution of class Ill
homeodomain-leucine zipper genes in streptophytes. Genetics
173: 373-388

Frank MH, Edwards MB, Schultz ER, McKain MR, Fei Z, Serensen
I, Rose JK, Scanlon M) (2015) Dissecting the molecular signatures
of apical cell-type shoot meristems from two ancient land plant
lineages. New Phytol 207: 893

Gensel PG, Andrews HN (1984) Plant Life in the Devonian. Praeger,
New York

Gifford E, Foster A (1989) Morphology and Evolution of Vascular
Plants. WH Freeman & Co. New York, NY

Harris BJ, Harrison CJ, Hetherington AM, Williams TA (2020)
Phylogenomic evidence for the monophyly of bryophytes and the
reductive evolution of stomata. Curr Biol 30: 2001-2012. €2002

Harris P (2005) Diversity in plant cell walls. In R} Henry, ed, Plant
Diversity and Evolution: Genotypic and Phenotypic Variation in
Higher Plants. CABI Publishers, Wallingford, UK, pp 201-227

Harrison CJ, Morris JL (2018) The origin and early evolution of vas-
cular plant shoots and leaves. Philos Trans R Soc B 373: 20160496

Hébant C (1977) Conducting Tissues of Bryophytes. ). Cramer, Vaduz

Hernick LV, Landing E, Bartowski KE (2008) Earth’s oldest
liverworts—Metzgeriothallus sharonae sp. nov. from the Middle
Devonian (Givetian) of eastern New York, USA. Rev Palaeobot
Palynol 148: 154-162

Huang L, Schiefelbein J (2015) Conserved gene expression programs
in developing roots from diverse plants. Plant Cell 27: 2119-2132

PLANT PHYSIOLOGY 2022: 190; 85-99 | 97

Hiibers M, Kerp H (2012) Oldest known mosses discovered in
Mississippian  (late Visean) strata of Germany. Geology 40:
755-758

Imaichi R, Hiratsuka R (2007) Evolution of shoot apical meristem
structures in vascular plants with respect to plasmodesmatal net-
work. Am ] Bot 94: 1911-1921

Imaichi R, Moritoki N, Solvang HK (2018) Evolution of root apical
meristem structures in vascular plants: Plasmodesmatal networks.
Am | Bot 105: 1453-1468

Jamet E, Dunand C, Popper ZA (2020) Co-evolution of plant cell
wall polymers. Front Plant Sci 11: 1454

Jiao Y, Wickett NJ, Ayyampalayam S, Chanderbali AS, Landherr L,
Ralph PE, Tomsho LP, Hu Y, Liang H, Soltis PS (2011) Ancestral
polyploidy in seed plants and angiosperms. Nature 473: 97-100

Kenrick P, Crane PR (1991) Water-conducting cells in early fossil
land plants: implications for the early evolution of tracheophytes.
Bot Gaz 152: 335-356

Kong L, Liu Y, Zhi P, Wang X, Xu B, Gong Z, Chang C (2020)
Origins and evolution of cuticle biosynthetic machinery in land
plants. Plant Physiol 184: 1998-2010

Kriegshauser L, Knosp S, Grienenberger E, Tatsumi K, Giitle DD,
Sorensen |, Herrgott L, Zumsteg J, Rose JK, Reski R (2021)
Function of the HYDROXYCINNAMOYL-CoA: SHIKIMATE
HYDROXYCINNAMOYL TRANSFERASE is evolutionarily conserved
in embryophytes. Plant Cell 33: 1472-1491

Kubo M, Nishiyama T, Tamada Y, Sano R, Ishikawa M, Murata T,
Imai A, Lang D, Demura T, Reski R (2019) Single-cell transcrip-
tome analysis of Physcomitrella leaf cells during reprogramming us-
ing microcapillary manipulation. Nucleic Acids Res 47: 4539-4553

Kubo M, Udagawa M, Nishikubo N, Horiguchi G, Yamaguchi M,
Ito ), Mimura T, Fukuda H, Demura T (2005) Transcription
switches for protoxylem and metaxylem vessel formation. Genes
Dev 19: 1855-1860

Lavy M, Prigge M), Tao S, Shain S, Kuo A, Kirchsteiger K, Estelle
M (2016) Constitutive auxin response in Physcomitrella reveals
complex interactions between Aux/IAA and ARF proteins. elife 5:
e13325

Li F-W, Nishiyama T, Waller M, Frangedakis E, Keller J, Li Z,
Fernandez-Pozo N, Barker MS, Bennett T, Blazquez MA
(2020) Anthoceros genomes illuminate the origin of land plants
and the unique biology of hornworts. Nat Plants 6: 259-272

Ligrone R, Carafa A, Duckett ), Renzaglia K, Ruel K (2008)
Immunocytochemical detection of lignin-related epitopes in cell
walls in bryophytes and the charalean alga Nitella. Plant Syst Evol
270: 257-272

Ligrone R, Duckett JG (1998) Development of the leafy shoot in
Sphagnum (Bryophyta) involves the activity of both apical and
subapical meristems. New Phytol 140: 581-595

Ligrone R, Duckett JG, Renzaglia K (2000) Conducting tissues and
phyletic relationships of bryophytes. Philos Trans R Soc Lond Ser B
355: 795-813

Ligrone R, Duckett JG, Renzaglia KS (2012) Major transitions in the
evolution of early land plants: a bryological perspective. Ann Bot
109: 851-871

Lu K-J, van’t Wout Hofland N, Mor E, Mutte S, Abrahams P, Kato
H, Vandepoele K, Weijers D, De Rybel B (2020) Evolution of vas-
cular plants through redeployment of ancient developmental regu-
lators. Proc Natl Acad Sci 117: 733-740

Lucas W), Groover A, Lichtenberger R, Furuta K, Yadav SR,
Helariutta Y, He XQ, Fukuda H, Kang ], Brady SM (2013) The
plant vascular system: evolution, development and functions. J
Integr Plant Biol 55: 294-388

Marchant DB, Sessa EB, Wolf PG, Heo K, Barbazuk WB, Soltis PS,
Soltis DE (2019) The C-Fern (Ceratopteris richardii) genome:
insights into plant genome evolution with the first partial homo-
sporous fern genome assembly. Scient Rep 9: 1-14

Matsunaga T, Ishii T, Matsumoto S, Higuchi M, Darvill A,
Albersheim P, O’Neill MA (2004) Occurrence of the primary cell



98 I PLANT PHYSIOLOGY 2022: 190; 85-99

wall polysaccharide rhamnogalacturonan Il in pteridophytes, lyco-
phytes, and bryophytes. Implications for the evolution of vascular
plants. Plant Physiol 134: 339-351

Ménard D, Blaschek L, Kriechbaum K, Lee CC, Zhu C,
Nuoendagula, Bacsik Z, Bergstrom L, Mathew A, Kajita S, et al.
(2021) Specific and dynamic lignification at the cell-type level con-
trols plant physiology and adaptability. bioRxiv

Merced A, Renzaglia KS (2017) Structure, function and evolution of
stomata from a bryological perspective. Bryophyte Divers Evol 39:
7-20

Mishler BD, Churchill SP (1985) Transition to a land flora: phyloge-
netic relationships of the green algae and bryophytes. Cladistics 1:
305-328

Mohanta TK, Yadav D, Khan A, Hashem A, Tabassum B, Khan
AL, Abd_Allah EF, Al-Harrasi A (2020) Genomics, molecular and
evolutionary perspective of NAC transcription factors. PloS One
15: 0231425

Moreira L (2008) An overview of mannan structure and
mannan-degrading enzyme systems. Appl Microbiol Biotechnol 79:
165-178

Morris JL, Puttick MN, Clark JW, Edwards D, Kenrick P, Pressel S,
Wellman CH, Yang Z, Schneider H, Donoghue PC (2018) The
timescale of early land plant evolution. Proc Natl Acad Sci 115:
E2274-E2283

Motte H, Parizot B, Fang T, Beeckman T (2020) The evolutionary
trajectory of root stem cells. Curr Opin Plant Biol 53: 23-30

Mutte SK, Kato H, Rothfels C, Melkonian M, Wong GK-S, Weijers
D (2018) Origin and evolution of the nuclear auxin response sys-
tem. elife 7: 33399

Nakajima K, Sena G, Nawy T, Benfey PN (2001) Intercellular move-
ment of the putative transcription factor SHR in root patterning.
Nature 413: 307-311

Naramoto S, Hata Y, Fujita T, Kyozuka ] (2022) The bryophytes
Physcomitrium patens and Marchantia polymorpha as model sys-
tems for studying evolutionary cell and developmental biology in
plants. Plant Cell

Niklas K], Cobb ED, Matas AJ (2017) The evolution of hydrophobic cell
wall biopolymers: from algae to angiosperms. ] Exp Bot 68: 5261-5269

Niklas KJ, Smocovitis V (1983) Evidence for a conducting strand in
early Silurian (Llandoverian) plants: implications for the evolution
of the land plants. Paleobiology 9: 126-137

Ohashi-Ito K, Bergmann DC (2007) Regulation of the Arabidopsis
root vascular initial population by LONESOME HIGHWAY.
Development 134: 2959-2968

Ohashi-lto K, Saegusa M, Ilwamoto K, Oda Y, Katayama H,
Kojima M, Sakakibara H, Fukuda H (2014) A bHLH complex acti-
vates vascular cell division via cytokinin action in root apical meri-
stem. Curr Biol 24: 2053-2058

Ohtani M, Akiyoshi N, Takenaka Y, Sano R, Demura T (2017)
Evolution of plant conducting cells: perspectives from key regula-
tors of vascular cell differentiation. ) Exp Bot 68: 17-26

Pfeifer L, Mueller K-K, Classen B (2022) The cell wall of hornworts
and liverworts: Innovations in early land plant evolution? J Exp Bot

Plackett AR, Di Stilio VS, Langdale JA (2015) Ferns: the missing link
in shoot evolution and development. Front Plant Sci 6: 972

Plancot B, Giigi B, Mollet J-C, Loutelier-Bourhis C, Govind SR,
Lerouge P, Follet-Gueye M-L, Vicré M, Alfonso C, Nguema-Ona
E (2019) Desiccation tolerance in plants: Structural characteriza-
tion of the cell wall hemicellulosic polysaccharides in three
Selaginella species. Carbohydr Polym 208: 180-190

Popper ZA (2008) Evolution and diversity of green plant cell walls.
Curr Opin Plant Biol 11: 286-292

Popper ZA, Tuohy MG (2010) Beyond the green: understanding the
evolutionary puzzle of plant and algal cell walls. Plant Physiol 153:
373-383

Pratt LM, Phillips TL, Dennison JM (1978) Evidence of non-vascular
land plants from the Early Silurian (Llandoverian) of Virginia, USA.
Rev Palaeobot Palynol 25: 121-149

Woudenberg et al.

Puttick MN, Morris JL, Williams TA, Cox CJ, Edwards D, Kenrick
P, Pressel S, Wellman CH, Schneider H, Pisani D (2018) The
interrelationships of land plants and the nature of the ancestral
embryophyte. Curr Biol 28: 733-745.e732

Rashotte AM (2021) The evolution of cytokinin signaling and its role
in development before angiosperms. Semin Cell Dev Biol 109: 31-38

Raven JA (1977) The evolution of vascular land plants in relation to
supracellular transport processes. In Advances in Botanical
Research, Vol 5. Elsevier, pp 153-219

Renault H, Werck-Reichhart D, Weng J-K (2019) Harnessing lignin
evolution for biotechnological applications. Curr Opin Biotechnol
56: 105-111

Rensing SA, Lang D, Zimmer AD, Terry A, Salamov A, Shapiro H,
Nishiyama T, Perroud P-F, Lindquist EA, Kamisugi Y (2008) The
Physcomitrella genome reveals evolutionary insights into the con-
quest of land by plants. Science 319: 64-69

Renzaglia KS, McFarland KD, Smith DK (1997) Anatomy and ultra-
structure of the sporophyte of Takakia ceratophylla (Bryophyta).
Am ) Bot 84: 1337-1350

Rothwell GW, Wyatt SE, Tomescu AM (2014) Plant evolution at
the interface of paleontology and developmental biology: an
organism-centered paradigm. Am ] Bot 101: 899

Salamon MA, Gerrienne P, Steemans P, Gorzelak P, Filipiak P, Le
Hérissé A, Paris F, Cascales-Minana B, Brachaniec T, Misz-
Kennan M (2018) Putative late Ordovician land plants. New
Phytol 218: 1305-1309

Scarpella E, Helariutta Y (2010) Vascular pattern formation in
plants. Curr Topics Dev Biol 91: 221-265

Scheirer DC (1990) Mosses. In HD Behnke, RD Sjolund, eds, Sieve
Elements: Comparative Structure, Induction and Development.
Springer Berlin Heidelberg, Berlin, Heidelberg, pp 19-33

Schlereth A, Méller B, Liu W, Kientz M, Flipse ), Rademacher EH,
Schmid M, Jiirgens G, Weijers D (2010) MONOPTEROS controls
embryonic root initiation by regulating a mobile transcription fac-
tor. Nature 464: 913-916

Smoot EL, Taylor TN (1986) Structurally preserved fossil plants from
Antarctica: Il. A Permian moss from the Transantarctic Mountains.
Am ] Bot 73: 1683-1691

Soltis PS, Soltis DE (2016) Ancient WGD events as drivers of key
innovations in angiosperms. Curr Opin Plant Biol 30: 159-165

Spencer V, Nemec Venza Z, Harrison CJ (2021) What can lyco-
phytes teach us about plant evolution and development? Modern
perspectives on an ancient lineage. Evol Dev 23: 174-196

Spicer R, Groover A (2010) Evolution of development of vascular
cambia and secondary growth. New Phytol 186: 577-592

Strother PK, Foster C (2021) A fossil record of land plant origins
from charophyte algae. Science 373: 792-796

Suissa JS, Friedman WE (2022) Rapid diversification of vascular ar-
chitecture underlies the Carboniferous fern radiation. Proc R Soc B

Sykes M (1908) Anatomy and histology of Macrocystis pyrifera and
Laminaria saccharina. Ann Bot 22: 291-325

Szovényi P, Rensing SA, Lang D, Wray GA, Shaw A] (2011)
Generation-biased gene expression in a bryophyte model system.
Mol Biol Evol 28: 803-812

Tansley AG, Chick E (1901) Notes on the conducting tissue-system
in Bryophyta. Ann Bot 15: 1-38

Terada S, Kubo M, Akiyoshi N, Sano R, Nomura T, Sawa S, Ohtani
M, Demura T (2021) Expression of peat moss VASCULAR RELATED
NAC-DOMAIN homologs in Nicotiana benthamiana leaf cells indu-
ces ectopic secondary wall formation. Plant Mol Biol 106: 309-317

Tomescu AMF (2021) The stele-a developmental perspective on the
diversity and evolution of primary vascular architecture. Biol Rev
96: 1263-1283

Tomescu AMF (2022) Mysteries of the bryophyte-tracheophyte tran-
sition revealed: enter the eophytes. New Phytol 233: 1018-1021

Tomescu AMF, Bomfleur B, Bippus AC, Savoretti A (2018) Why are
bryophytes so rare in the fossil record? A spotlight on taphonomy and
fossil preservation. In Transformative Paleobotany. Elsevier, pp 375-416



Origin and evolution of transporting tissues

Tsuzuki M, Nishihama R, Ishizaki K, Kurihara Y, Matsui M,
Bowman JL, Kohchi T, Hamada T, Watanabe Y (2016) Profiling
and characterization of small RNAs in the liverwort, Marchantia
polymorpha, belonging to the first diverged land plants. Plant Cell
Physiol 57: 359-372

van Bel A}, Ehlers K, Knoblauch M (2002) Sieve elements caught in
the act. Trends Plant Sci 7: 126-132

Vanholme R, De Meester B, Ralph J, Boerjan W (2019) Lignin bio-
synthesis and its integration into metabolism. Curr Opin
Biotechnol 56: 230-239

Viaene T, Landberg K, Thelander M, Medvecka E, Pederson E,
Feraru E, Cooper ED, Karimi M, Delwiche CF, Ljung K (2014)
Directional auxin transport mechanisms in early diverging land
plants. Curr Biol 24: 2786-2791

Weng JK, Chapple C (2010) The origin and evolution of lignin bio-
synthesis. New Phytol 187: 273-285

Weng J-K, Li X, Stout ), Chapple C (2008) Independent origins of syringyl
lignin in vascular plants. Proc Natl Acad Sci USA 105: 7887-7892

Wu C-C, Li F-W, Kramer EM (2019) Large-scale phylogenomic analy-
sis suggests three ancient superclades of the WUSCHEL-RELATED
HOMEOBOX transcription factor family in plants. PloS One 14:
e0223521

Xu B, Ohtani M, Yamaguchi M, Toyooka K, Wakazaki M, Sato M,
Kubo M, Nakano Y, Sano R, Hiwatashi Y (2014) Contribution of

PLANT PHYSIOLOGY 2022: 190; 85-99 | 99

NAC transcription factors to plant adaptation to land. Science
343: 1505-1508

Xu Z, Zhang D, Hu J, Zhou X, Ye X, Reichel KL, Stewart NR,
Syrenne RD, Yang X, Gao P, et al. (2009) Comparative genome
analysis of lignin biosynthesis gene families across the plant king-
dom. BMC Bioinformatics 10: S3

Yadav A, Kumar S, Verma R, Lata C, Sanyal I, Rai SP
(2021) microRNA 166: an evolutionarily conserved stress bio-
marker in land plants targeting HD-ZIP family. Physiol Mol
Biol Plants

Yao T, Feng K, Xie M, Barros ), Tschaplinski T), Tuskan GA,
Muchero W, Chen J-G (2021) Phylogenetic occurrence of the phe-
nylpropanoid pathway and lignin biosynthesis in plants. Front
Plant Sci 12

Yip HK, Floyd SK, Sakakibara K, Bowman JL (2016) Class Il
HD-Zip activity coordinates leaf development in Physcomitrella
patens. Dev Biol 419: 184-197

Youngstrom CE, Withers KA, Irish EE, Cheng C-L (2022) Vascular
function of the T3/modern clade WUSCHEL-Related HOMEOBOX
transcription factor genes predate apical meristem-maintenance
function. BMC Plant Biol 22: 1-15

Zhou ), Wang X, Lee J-Y, Lee J-Y (2013) Cell-to-cell movement of
two interacting AT-hook factors in Arabidopsis root vascular tissue
patterning. Plant Cell 25: 187-201



