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The complex body plan of modern vascular plants evolved by
modification of simple systems of branching axes which
originated from the determinate vegetative axis of a bryophyte-
grade ancestor. Understanding body plan evolution and
homologies has implications for land plant phylogeny and
requires resolution of the specific developmental changes and
their evolutionary sequence. The branched sporophyte may
have evolved from a sterilized bryophyte sporangium, but
prolongation of embryonic vegetative growth is a more
parsimonious explanation. Research in the bryophyte model
system Physcomitrella points to mechanisms regulating
sporophyte meristem maintenance, indeterminacy, branching
and the transition to reproductive development. These results
can form the basis for hypotheses to identify and refine the
nature and sequence of changes in development that occurred
during the evolution of the indeterminate branched sporophyte
from an unbranched bryophyte-grade sporophyte.
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Polysporangiophyte origins — the interplay of
phylogeny and development

"The origin of vascular plants is arguably the most important
evolutionary event in the development of the terrestrial
biosphere. In modern terrestrial biomes, vascular plants are
the dominant source of primary productivity, providing the
foundation for virtually all terrestrial ecosystems. Current
understanding of phylogeny indicates that vascular plants
(tracheophytes) form a monophyletic group [1]. All extant

tracheophytes are polysporangiophytes, i.e. plants with
branched sporophytes, but the polysporangiophytes also
include extinct lineages that did not produce vascular
tissue (i.e. xylem with tracheids as conducting elements
and phloem) [2]. Early polysporangiophytes had simple
sporophytes consisting of undifferentiated, dichotomously
branching axes [1,3]. Nevertheless, the evolution of the
branched sporophyte paved the way to indeterminate
modular growth which, in concert with the evolution of
highly specialized conductive tissues (xylem and phloem),
led to nutritional independence of the diploid phase.
Combined with subsequent evolution of specialized vege-
tative organs (stems, leaves, roots) these led to the plant
sporophyte-sustained ecosystems that are ubiquitous on
land today.

Currently, there is intense interest in the origins of
polysporangiophytes and vascular plants, which has

generated several recent reviews of the topic
[4,5°,6°°,7°°,8°]. Polysporangiophytes, along with the
three bryophyte lineages — liverworts, hornworts and
mosses — form the embryophyte clade [1,8°9°].

Although there is wide agreement that polysporangio-
phytes (including vascular plants) evolved from bryophy-
tic grade embryophytes [1,9°] somewhere between the
mid-Ordovician and the mid-Silurian, 450-430 Ma ago
[10-13], several aspects of this process remain obscure or
are in dispute: the immediate ancestor or sister group of
polysporangiophytes; the specific changes that initiated
polysporangiophyte origins; the homologies of ancestral
polysporangiophyte vegetative organs; the exact evol-
utionary sequence of changes leading to modern plant
structure; and of fundamental importance, the genetic
regulatory mechanisms that underlie the changes.

Attempts to answer these questions using a phylogenetic
approach — that is, resolve phylogeny and use it to infer
steps and mechanisms of evolutionary change, and hom-
ologies — have thus far not borne fruit. Despite a plethora
of studies employing molecular markers, the phyloge-
netic relationships between the basal embryophytes
lineages (liverworts, hornworts, mosses, and polysporan-
giophytes) remain largely unresolved [14,15]. Because of
the depth of phylogenetic divergences associated with
the early stages of embryophyte and polysporangiophyte
evolution, as well as the taxon-sampling limitations
inherent to molecular phylogenetics [16,17], the phylo-
genetic approach may never bring full resolution to the
basal nodes of embryophyte phylogeny. However, an
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evolutionary-developmental (evo-devo) approach that
first, recognizes what structural changes result from the
functional changes of specific genes, second, records the
sequence in which comparable structural changes have
occurred in the fossil record, and third, screens the
genomes of living plants with similar structural features
for the presence of orthologues, can provide a framework
for formulating testable hypotheses of plant body plan
evolution. Such an approach may be better suited for
understanding the developmental changes that led to the
evolution of polysporangiophytes and, thus, illuminate
the homologies of the polysporangiophyte sporophyte.

Hypotheses for the origin of
polysporangiophytes

Currently, there are three competing hypotheses for the
origin of polysporangiophytes (including vascular plants).
Two of these hypotheses are explicit [6°°,7°°,18°°] and a
third is implicit from traditional paleobotanical inference
and systematic analyses (e.g. [1,3,9°]). All three assert that
polysporangiophytes evolved from bryophyte-grade
plants and that the ancestral polysporangiophyte had a
branching sporophyte which bore terminal sporangia and
lacked vascular tissue. However, the three hypotheses
differ in the evolutionary mechanisms they predict and
the homologies they propose for the axes of the ancestral
polysporangiophyte.

Traditional (implicit) hypothesis — branching of a
bryophyte-grade sporophyte

The idea that the vascular plant sporophyte originated by
increase in length and branching of a bryophyte-grade
sporophyte has a long history [19]. This hypothesis, for-
mulated by Campbell [20] and implicit in Bower’s [21]
discussions of ‘“‘the origin of the polysporangiate state”, is
reflected in more recent applications, such as models of
growth [22] or the coding of morphological characters for
phylogenetic analyses (e.g. [1]). However, this ‘traditional’
hypothesis groups togetherideas that are rather diverse and
lack specificity. Whereas most of these ideas imply modi-
fication of a moss-like sporophyte (e.g. [1,9°,22]), some
involve modification of a hornwort sporophyte (e.g. [19]).
None of the authors proposes a complete, internally con-
sistent suite of specific changes in development, nor expli-
cit ways to test the hypotheses. Further, specific
homologies are not proposed for the vegetative body of
the ancestral polysporangiophyte sporophyte. Neverthe-
less, the implicit ideas denote an upward outlook for
morphological evolution (i.e. evolutionary view that inter-
prets evolution/homologies of descendants from characters
of ancestors [21]) and in most cases (except for the horn-
wort-to-polysporangiophyte hypothesis) have the bryo-
phyte seta as the starting point.

Interpolation hypothesis
A second hypothesis (the interpolation hypothesis [18°°])
proposes that the polysporangiophyte sporophyte evolved
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from a bryophytic sporophyte by intercalation of a novel
vegetative axial organ between the foot and the sporan-
gium. The hypothesis, as formulated, has a set of corre-
lates that are mutually inconsistent. On the one hand, the
hypothesis proposes that intercalation of the vegetative
organ occurs early in embryogeny, before sporangial
differentiation. On the other hand, the bryophyte spor-
ophyte is seen as a footed sporangium (termed a spor-
ogonium). The seta, when present, is interpreted as an
extension and integral part of the sporangium, which
implies that the bryophyte embryo expresses only two
types of developmental programs — vegetative in the
foot and reproductive in the sporangium. Given these
constraints (and because the foot has no role in this
hypothesis), intercalation of a vegetative organ before
sporangial differentiation is not possible, except through
repression of the reproductive developmental program in
the sporangial primordium. Therefore, the vegetative
axial organ proposed by this hypothesis is not novel; it
is a sterilized sporangial primordium (implicit in Fig. 3 of
[18°°]). The intercalation hypothesis is, thus, essentially a
sterilization hypothesis (see below).

The interpolation hypothesis only implies sporangial
sterilization and does not propose specific changes in
development with genetic/regulatory origins, thus it is
not testable. By proposing that the vegetative organ of the
polysporangiophyte sporophyte is a (leafless) stem, this
hypothesis suggests homology of the early polysporan-
giophyte sporophyte with a modern tracheophyte stem.
This view corresponds to a downward outlook on evol-
ution (i.e. interpreting the structures of extinct plants by
reference to living plants [21,23°]) that goes against the
large body of evidence generated by paleobotanical stu-
dies over the last two centuries, which demonstrates that
the sporophytic axes of early polysporangiophytes dif-
fered dramatically from the stems of modern plants in
morphology (e.g. absence of leaves and phytomeres),
anatomy (e.g. absence of tracheids as water conducting
cells, stelar organization, sterome), and branching (apical
isotomous) (e.g. [1,3]).

Sterilization hypothesis

Another recent hypothesis [6°°,7°°] also proposes that the
polysporangiophyte sporophyte evolved by sterilization
of a sporangial axis. Bolstered by a recent upsurge in
support for a hornwort-polysporangiophyte clade in mol-
ecular phylogenies (e.g. [24,25]), this sterilization hypoth-
esis explains the evolution of the polysporangiophyte
sporophyte from a hornwort-type sporophyte. A key pre-
mise of the hypothesis is that, like in hornworts, the
embryo of the polysporangiophyte precursor had an upper
tier which expressed sporangial identity from its initiation
and which developed a basal meristem with indetermi-
nate growth that expressed the sporangial developmental
program. Evolution of the polysporangiophyte sporo-
phyte, thus, involved several changes, including (i) a
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switch to vegetative growth by repression of the repro-
ductive developmental program in the area of the embryo
pre-determined to produce sporangial tissue (sporangium
primordium and basal meristem); (i) a shift of the expres-
sion domain for the indeterminate growth program from
an intercalary area (the basal meristem between the
sporangium primordium and the foot primordium) into
a superficial, apical location; and (iii) an inversion in the
polarity of cell divisions in the meristem leading to
basiscopic positioning of their differentiating derivatives
and a basipetal pattern of overall tissue maturation.

The resulting vegetative axial organ is considered to be a
leafless shoot and the process responsible for the shifts in
the timing and position of different developmental pro-
grams is homeotic mutation [6°°]. Specific regulatory
changes responsible for the hypothesized developmental
transitions are not proposed in this hypothesis. Never-
theless, the sterilization hypothesis does provide a start-
ing point (the hornwort sporophyte), as well as a coherent
sequence of steps, all of which represent statements that
are testable within an evo-devo framework. As currently
formulated, the homology of the early polysporangio-
phyte sporophyte associated with this hypothesis is
equivocal: it is either a combined bryophyte sporangium
and seta [7°°]; a part of the moss sporophyte, not necess-
arily the seta [7°°]; or homology of the polysporangio-
phyte sporophyte apical meristem with the basal
meristem of mosses and hornworts [6°°]. Further, the
postulate that the vegetative sporophyte of early poly-
sporangiophytes was a shoot [6°°] implies homology with
the tracheophyte stem and represents an additional
example of the downward outlook on evolution, as dis-
cussed above, under the intercalation hypothesis.

Fundamentally, the interpolation and sterilization hy-
potheses both propose that the divergence between poly-
sporangiophytes and their bryophyte sister group
(whichever that may be) marks a transition from an
embryo that expresses a reproductive developmental
program from the ecarliest stages of embryogeny (in the
bryophyte sister group), to an embryo that expresses a
vegetative developmental program in the early stages of
embryogeny as a result of sporangial sterilization
(Figure 1). Coupled with information from the fossil
record, recent developments in molecular developmental
biology now provide additional clues that point to an
alternative hypothesis for the origin and homologies of
the vascular plant sporophyte, henceforth referred to as
the apical growth hypothesis.

An alternative — the apical growth hypothesis
The key premise of this hypothesis is that in early
developmental stages the bryophyte embryo follows
a vegetative developmental program which produces a
vegetative axis, and the sporangium is produced by a
subsequent switch to a reproductive developmental

program in the apical portion of that axis. Prolonged
apical growth, via an apical meristem, and branching
are the primary differences between the polysporangio-
phyte sporophyte and that of bryophyte-grade plants.
The apical growth hypothesis proposes that the change
from the bryophytic sporophyte morphology to the poly-
sporangiophyte sporophyte resulted from a heterochronic
change — in timing of the transition to reproductive
growth. More specifically, polysporangiophytes origi-
nated as a result of changes in the embryogeny and early
sporophyte development of a bryophyte-grade plant by
prolongation and amplification of vegetative growth in the
embryonic axis and the advent of branching, both arising
from an apical cell; and by a corresponding delay in the
transition to the reproductive growth program producing
the sporangium (Figure 1).

The apical growth hypothesis explicitly predicts the
origins and homologies of the vascular plant sporophyte
within a developmental context and is the most parsimo-
nious hypothesis in terms of changes required for the
evolution of the ancestral polysporangiophyte body plan.
This hypothesis is congruent with the morphology of
sporophytes known for the most ancient polysporangio-
phytes (e.g. Cooksonia [26]) and incorporates recent devel-
opments from molecular biology.

Parsimony and novelty

In terms of life cycle, the fundamental developmental
change that marks the transition from charophycean algae
to embryophytes is the delay in onset of a reproductive
program (meiotic division — sporogenesis) and intercala-
tion of vegetative growth (mitotic divisions producing a
multicellular diploid individual — the sporophyte;
Bower’s [27] intercalation hypothesis). The premise of
the apical growth hypothesis is a natural extension of that
developmental change in evolutionary time. Modification
of a stem-group bryophyte embryo with early vegetative
growth to prolong apical meristematic activity before the
change to reproductive growth (i.e. sporogenesis) is a far
more parsimonious explanation for the evolutionary ori-
gin of the polysporangiophyte body plan [28°] than that
proposed by sterilization hypotheses which involve a
reversal from early vegetative growth (in the ancestral
embryophyte) to expression of a reproductive develop-
mental program at the beginning of embryogeny (in the
stem-group bryophyte), followed by an additional reversal
to early vegetative growth in the ancestral polysporangio-
phyte (Figure 2).

The evolutionary novelty in the context of the apical
growth hypothesis is prolonged embryonic growth from
an apical cell. A transient apical cell responsible for
development of the embryonic longitudinal axis is pre-
sent in mosses and at least some liverworts (e.g. [29]) but
is not known in hornworts. The quasi-ubiquitous pre-
sence of apical cells and apical meristems across major
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Comparison of developmental trajectories (zygote to mature sporophyte) in the interpolation and sterilization hypotheses (top panel) and the apical
growth hypothesis (bottom panel); in each panel the lower developmental trajectory represents the polysporangiophyte ancestor and the upper
trajectory represents the bryophyte-grade sister group. Whereas the interpolation and sterilization hypotheses propose evolution of the
polysporangiophyte sporophyte from a bryophyte-grade sporophyte in which the reproductive developmental program was expressed from the
earliest stages of embryogeny, the apical growth hypothesis proposes that the polysporangiophyte sporophyte evolved from a bryophyte ancestor

with early embryogeny characterized by vegetative growth.

lineages and ploidy levels of life cycle phases (e.g. [30-
32,33°]) suggests that an intimate association between
longitudinal polarity and apical meristems is a funda-
mental property of growth in photosynthetic multicel-
lular eukaryotes. Although the embryos of all extant
embryophytes have well-defined longitudinal polarity,
it is unclear whether embryonic growth from an apical
cell was established very early in embryophyte evolution.
If that were the case, then that potential has been
explored to a modest extent by liverworts, to a more
considerable extent by mosses (where it is replaced by
growth from a seta meristem in later developmental
stages), and was lost in hornworts (and replaced by
growth from a basal meristem). Irrespective of when
the embryonic vegetative axis derived from an apical
cell arose during embryophyte evolution, the apical

growth hypothesis predicts that longitudinal polarity
was present in the polysporangiophyte precursor.

Developmental mechanisms

Several lines of evidence indicate that the sporophytes of
bryophyte-grade embryophytes have the potential for
indeterminate growth and branching, like the polyspor-
angiophyte precursor. Rare, yet taxonomically diverse
examples of teratological branched (dichotomously and
even trichotomously) bryophyte sporophytes are reported
in the literature [21,34,35°,36]. This evidence comes
mostly from mosses which, although not necessarily clo-
sest to polysporangiophytes phylogenetically, may be
most similar morphologically to the polysporangiophyte
ancestor and closest to the latter in terms of develop-
mental potential. Interestingly, Leitgeb [34] illustrates
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The sequence of character changes in embryophyte phylogeny implied in the interpolation and sterilization hypotheses. This sequence lowers
parsimony as compared to the apical growth hypothesis, by including two additional changes.

two examples of branched embryos in liverworts; the
basal position of the lineage among embryophytes, along
with occurrences of apical cells in liverwort embryo de-
velopment [29], suggest that the genetic tool kit for apical
growth and branching of the sporophyte may have arisen
very early in embryophyte evolution.

Recent gene silencing and physiological studies in Phys-
comitrella patens provide clues to potential mechanisms of
sporophyte branching. Sporophytes with multiple spor-
angia have been shown to develop as a result of first,
disruption of the TEL genomic locus (also involved in
shoot development in the P. patens gametophyte and
angiosperm sporophytes [37]); second, disruption of the
LFY locus (that controls the first zygotic cell division in P.
patens, functions in the vegetative to reproductive tran-
sition in angiosperms, and is expressed in gymnosperm
reproductive meristems [38]); and third, auxin transport
inhibitors [39]. Perhaps the most spectacular evidence
comes from apogamous P. pafens sporophytes produced
on gametophytic protonemata by deletion of polycomb
repressive complex 2 (PRC2) genes (CLF [40°°] and FIE
[41]). Although haploid, these structures express MKN
(class 1 KNOX) genes which are typically expressed in
the meristematic areas of wild type P. patens sporophytes
[42°°]. The apogamous sporophytes produced by Okano
et al. [40°°] display prolonged apical growth (from apical
cells that express MKN genes) and branching. Together,
these demonstrate that the moss genome harbors the
potential for indeterminate growth and branching of
the sporophyte.

Interestingly, expression of CLF in the apogamous spor-
ophytes of the CLF deletion lines leads to arrest of

meristematic activity and development of sporangium-
like organs. Completing the picture, in wild-type P. patens
CLF expression is detected throughout the developing
sporophyte starting at the time the apical cell stops
dividing [40°°]. These suggest that CLF acts in the
developmental program for transition to sporophyte
reproductive development, repressing vegetative apical
growth and inducing sporangium development.

Maintenance of meristematic activity and indeterminate
growth at the sporophyte axis tip of the ancestral poly-
sporangiophyte was very likely under control of class 1
KNOX genes. KNOX1 genes, required for maintenance of
meristematic activity in seed plants [43], have been
established before the divergence of mosses [44] and
function in  Physcomitrella sporophyte development
[42°°,45]. Sakakibara ez al. [42°°] showed that they are
expressed in the meristematic areas of the moss embryo
(apical and seta meristem) while these are active, prob-
ably regulating the frequency of cell division and cell
growth, but their signal ceases with onset of sporangium
development. These suggest conserved KNOX1 func-
tions between mosses and angiosperms which, along with
comparable loss-of-function phenotypes between the two
lineages, suggest that KNOX/ genes acquired sporophyte
meristem maintenance function at least as early as the last
common ancestor of mosses and polysporangiophytes
[46°].

PIN-mediated polar auxin transport (PAT) is a key sig-
naling mechanism in the patterning and maintenance of
indeterminate vegetative growth throughout tracheo-
phytes. The hormone auxin is a master regulator of
embryo and postembryonic development in vascular
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plants, and it has been hypothesized that genetic changes
in auxin action were instrumental in the evolution of body
plans in early embryophytes [47°]. While in liverwort and
hornwort sporophytes auxin movement is apolar, the moss
seta hosts significant basipetal PAT in early developmen-
tal stages, which regulates its elongation [47°,48]. As in
seed plants, basipetal PAT regulates endogenous auxin
distribution during establishment of longitudinal polarity
in P. patens embryogeny [39]. The molecular mechanism
for moss sporophyte PAT is not known. While PIN
orthologs are present in the P. patens genome [49], these
are not functionally related to the PIN1 auxin efflux
carrier [50] and it has been hypothesized that PIN-
mediated PAT only became a key signaling mechanism
during the evolution of vascular plants [51°].

The role of PAT in shoot patterning is conserved across
vascular plants [52°]. Together with the evidence for
basipetal PA'T in mosses, these indicate that an auxin-
dependent mechanism for vegetative growth generating
longitudinally polarized axial sporophytes was in place in
the last common ancestor of mosses and polysporangio-
phytes [47°]. In this context, the sporophytes with
multiple sporangia produced by disruption of auxin trans-
port in P. patens [39] may indicate that temporal modu-
lation of auxin homeostasis was required for branching in
the ancestral polysporangiophyte sporophyte, especially
if it is proven that in the P. patens experiments branching
occurs before onset of the reproductive developmental
program.

Basic homologies across embryophytes

Considered within the context of Bower’s upward outlook
[21,23°], the apical growth hypothesis implies homology
between the branching axis of the polysporangiophyte

Figure 3
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sporophyte and the vegetative embryonic axis of the
bryophyte-grade ancestor. A vegetative axis 1S present
early in liverwort and moss embryogeny and part of this
axis contributes to the seta (while the rest produces the
sporangium). However, whereas in liverworts the seta is
produced by some generalized cell division followed by
cell elongation, in mosses the mature seta is largely the
product of a basal meristem established between the foot
and the sporangium primordium [7°°,18°°]. Developmen-
tal peculiarities notwithstanding, to the extent that the
seta of bryophytes is an expression of the vegetative
embryonic axis, the branching vegetative axis of the
ancestral polysporangiophyte sporophyte (i.e. Cooksonia-
type [26]) is homologous to a bryophytic seta. The great-
est difference between the two is that the former typically
branches and the latter usually does not [53°°].

"This basic homology is directly reflected in the sporo-
phytes of many early polysporangiophytes that span the
Late Silurian and beginning of the Early Devonian
[12,54] (Figure 3). With their simple, undifferentiated
branching axes terminated in sporangia, these plants were
little more than branched bryophyte-type setae [22,53°°].
Their potential for indeterminate growth and branching
nevertheless provided the developmental background for
subsequent evolutionary innovations at the base of the
Devonian explosion in tracheophyte diversification. Start-
ing as early as the late Silurian, these innovations included
specialized conducting tissues (xylem and phloem)
associated with increase in size and independence from
the maternal gametophyte, and diversification of molecu-
lar pathways controlling branching architecture. These
allowed for broad exploration of functional morphospace
throughout the Early Devonian, which paved the way for
the rise of the modern sporophyte body plans.

A%,

! P Ry »}"‘,:
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Early Devonian (ca. 410 million years old) cooksonioid polysporangiophyte sporophytes from the Beartooth Butte Formation (Wyoming). The simple,
undifferentiated branching axes terminated in sporangia reflect basic homology with the bryophyte sporophyte axis. Note diminutive size; scale bars
0.5 mm. USNM-P (Devonian/Beartooth Butte/Park Co., WY/Plantae/Hueber Research Coll./B13).

www.sciencedirect.com

Current Opinion in Plant Biology 2014, 17:126-136



132 Growth and development

All extant tracheophytes (except for cases of secondary
reduction and, possibly, the Psilotales) have complex spor-
ophytes differentiated into specialized vegetative organs
— stems, leaves, and roots. While the evolutionary origins
of leaves are seceing some resolution [55], the origins of
stems and roots remain blurry. This is due in part to the
widely held view that the sporophyte axis of early poly-
sporangiophytes is homologous to a stem (e.g. [4,56]). In
this context, accumulating evidence for shared molecular
mechanisms of development between angiosperm stems
and roots (summarized in [57]) has been used to suggest
that roots evolved from stems (e.g. [57,58]). However, a
growing body of evidence indicates that, in angiosperms,
cells with root pericycle-like identity and their meriste-
matic derivatives are the most developmentally plastic cell
population. They represent the transitional stage for toti-
potent callus tissue formation from root, as well as from
above-ground organ tissues, and are responsible for de-
velopment of shoot apical meristems from callus tissue,
lateral root primordia, or root apical meristems [59,60°].
This evidence for broad morphogenetic potential of root-
specific cells challenges ideas that roots evolved from stems
and suggests morphogenetic equivalence between roots
and stems, at least in angiosperms.

As discussed earlier, the view that early polysporangio-
phytes had stems corresponds to a downward outlook on
evolution [23°] that disregards the large body of paleobo-
tanical evidence which demonstrates that the sporophytic
axes of early polysporangiophytes differed dramatically
from the stems of modern plants (e.g. [1,53°°]). If one
adopts the upward outlook for inferring homology, both
stems and roots evolved from the ancestral sporophytic
axes of early polysporangiophytes. The intersection of the
developmental mechanisms shared by stems and roots can
provide clues to the controls of development in the early
polysporangiophyte axis (the ‘ancestral meristem’ of
Steeves & Sussex [61]). These include WUSCHEL, its
paralog WOXS5, and CLAVATA genes, components of the
pathways controlling homeostasis of stem cells in the apical
meristems of both shoots and roots in A. #haliana [57],
whose homologs have been identified in P. patens [62—-64],
although their functions are unknown.

The ancestral polysporangiophyte

Paleobotanical data, in combination with information on
developmental mechanisms, help paint a more detailed
picture of the earliest polysporangiophytes. The fossil
record shows that the earliest polysporangiophytes had
vegetative sporophytes that were unlike those of modern
vascular plants. Too small to be physiologically indepen-
dent (Figure 3), these sporophytes remained physically
attached to the gametophytes [53°°] which were most
likely thalloid [5°,65,66°]. Although branched, their
simple, undifferentiated axes lacked tracheids and
probably had determinate growth like a bryophyte spor-
ophyte, with all branch tips terminating in sporangia

[22,26]. Loongitudinal polarity was initiated early in embry-
ogeny, probably through an auxin-mediated mechanism,
between a foot primordium and a pole of vegetative growth
characterized by an early-established apical cell (Figure 4).
In subsequent development, elongation of the sporophyte
axis was a result of growth driven by basipetal polar auxin
transport (possibly PIN-mediated) and arising from the
apical cell, in a meristematic area maintained by class 1
KNOX genes [28°] — possibly repressing PRC2 gene
expression. Branching of the sporophyte axis may have
been mediated by a mechanism responsible for the
temporal modulation of auxin homeostasis. Vegetative
growth and branching, potentially indeterminate, were
arrested by the transition to a reproductive growth program
and sporangium formation at the branch tips, probably
induced by PRC2 gene expression.

“I’s the journey, not the destination” ...

... reads a popular paraphrase of Ralph Waldo Emerson’s
famous quip on the meaning of life. Even more so when
you don’t know the destination. We don’t know what
answers await at the destination of our search into the
origins of the embryophyte sporophyte body plan, but this
journey of discovery is sure to reveal along the way many
new aspects of morphological evolution in plants. Only by
understanding the developmental changes that led to the
carly polysporangiophyte sporophyte will we be able to
resolve the basic body plan homologies across land plants
and, ultimately, reach a better understanding of embry-
ophyte phylogeny and evolution. The road to this greater
understanding passes through bryophyte development.
At present, we know little about the detailed sequence of
anatomical, cellular, and molecular level events of spor-
ophyte development in the extant embryophyte relatives
of the polysporangiophytes, the bryophytes. Liverwort
and hornwort sporophyte development is largely a zerra
incognita in dire need of model systems. Even in mosses,
development of a model system characterized by more
extensive sporophyte development may provide deeper
insights into developmental mechanisms. Studies of P.
patens have nevertheless started to provide some answers
which are inspiring more pointed questions.

A detailed characterization of the development of P.
patens sporophytes with multiple sporangia obtained by
disruption of TEL and LFY loci or of auxin movement
might be insightful. Testing whether sporophyte branch-
ing in each of these cases is initiated during vegetative
growth or after the transition to sporangial development,
combined with detailed documentation of TEL and LFY
expression patterns throughout wild type sporophyte de-
velopment, may provide clues to regulation of branching
in the early polysporangiophyte sporophyte. A better
understanding of mechanisms that control branching
could also come from uncovering the factors that induce
branching in the apogamous PRC2 deletion sporophytes,
as well as from characterization of the detailed anatomy of
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Development of an early polysporangiophyte sporophyte as predicted by the apical growth hypothesis. Early embryogeny followed a vegetative
developmental program, with early initiation of longitudinal polarity between a foot primordium and a pole of vegetative growth comprising an early-
established apical cell. Vegetative elongation of the sporophyte axis was a result of growth arising from the apical cell (with PRC2 and class 1 KNOX-
mediated maintenance of the meristematic area) and driven by basipetal polar auxin transport. Branching of the sporophyte axis could have been
mediated by temporal modulation of auxin homeostasis. Elongation and branching, potentially indeterminate, were arrested by transition to a
reproductive growth program, probably induced by PRC2 gene expression, and sporangium formation. The resulting sporophyte was small, physically

attached and physiologically dependent on the thalloid gametophyte, and all its branches terminated in sporangia.

branching in this and other cases of sporophyte branching.
T'racing the detailed expression patterns of markers of
vegetative and reproductive growth, such as KNOX1 and
PRC2, throughout sporophyte development in the differ-
ent P. patens mutants and deletion backgrounds may also
provide insights into causes and mechanisms of branch-
ing, as well as indeterminacy. And, if polar auxin transport
is not PIN-mediated in mosses, what is the mechanism
driving it? Genomic comparisons of fully sequenced plant
model systems — P. patens, Selaginella moellendorffii, and
A. thaliana — for other candidate genes that regulate
indeterminate apical growth of the sporophyte, auxin
transport and homeostasis, branching, and the transition
to reproductive growth in bryophytes will provide
additional directions of investigation.

At the beginning of this review, we identified several
missing pieces of this evolutionary puzzle. Identification
of these provides an opportunity to develop testable
hypotheses that expand our understanding of the role
of developmental changes in the evolution of the branch-
ing polysporangiophyte sporophyte, and also for charac-
terizing the subsequent evolution of stem/leaf/root

organography shared by nearly all modern vascular plants.
The use of genetic and genomic tools to test such hy-
potheses has great promise for moving beyond gene-by-
gene morphological changes to encompass the transcen-
dent properties of developmental systems that result from
the combined influence of numerous genetic changes.
The journey ahead is long, but behind the many
unknowns hide just as many exciting avenues to explore.
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