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Summary

The acquisition of stomata is one of the key innovations that led to the colonisation of the terrestrial
environment by the earliest land plants. However, our understanding of the origin, evolution and
the ancestral function of stomata, is incomplete. Phylogenomic analyses indicate that 1. stomata
are ancient structures, present in the common ancestor of land plants, prior to the divergence of
bryophytes and tracheophytes and 2. there has been reductive stomatal evolution, especially in the
bryophytes (with complete loss in the liverworts). From a review of the evidence, we conclude that
the capacity of stomata to open and close in response to signals such ABA, CO; and light (hydroactive
movement) is an ancestral state, is present in all lineages and likely predates the divergence of the
bryophytes and tracheophytes. We reject the hypothesis that hydroactive movement was acquired
with the emergence of the gymnosperms. We also conclude that the role of stomata in the earliest
land plants was to optimise carbon gain per unit water loss. There remain many other unanswered
questions concerning the evolution and especially the origin of stomata. To address these it will be
necessary to 1), find more fossils representing the earliest land plants 2), revisit the existing early
land plant fossil record in the light of novel phylogenomic hypotheses and 3) carry out more

functional studies that include both tracheophytes and bryophytes.

Introduction

Stomata are pores bordered by guard cells on the epidermal surfaces of almost all extant land plants
(embryophytes). They are present in the vascular plants and two of the three lineages of bryophytes
(mosses and hornworts) [1]. Extant liverworts (the third lineage of bryophytes) lack stomata, although
this is believed to reflect a loss of these structures during evolution [2]. Similarly, while most extant
mosses and hornworts possess stomata there are examples of where they have been lost during
evolution [3,4]. Stomata function as microscopic, valve-like structures which, through opening and
closing, regulate the loss of water vapour from, and the uptake of CO, into, the leaf [5,6,7]. The
acquisition of stomata, together with a waxy cuticle, sub-stomatal air spaces and an internal system
for moving water and nutrients, from their sites of uptake, throughout the plant, are key steps that

allowed early plants to adapt to, and thereby spread, through ancient terrestrial environments [4,8].

To understand why stomata are among the key innovations that facilitated the radiation and success
of the early terrestrial flora, it is helpful to consider the roles they play in living species. Most studies
have focussed on the function of stomata in angiosperms and this in turn has coloured our
understanding of the roles these structures play in the earliest plants. Except for the submerged leaves
of aquatic angiosperms, which lack, or have a greatly reduced cuticle [9,10], the presence of the cuticle

renders the leaf surface largely impermeable to CO,. This means that stomata are the predominant
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sites of CO, uptake. Stomata also control the loss of water vapour from the plant to the atmosphere.
This process, called evapotranspiration, provides the driving force for the uptake and subsequent
movement of water and mineral nutrients throughout the plant and affords the plant limited cooling
capacity. Together, evapotranspiration and the uptake of CO, are referred to as leaf gas exchange.
Puncturing the epidermis with pores provides an opportunity for excessive water loss and for
pathogens to gain access to the plant body. To counter this, plants developed strategies, including
stomatal closure, to reduce the chances of desiccation or infection [11,12]. In addition, stomata have
a specialised role in some mosses, where they are localised to a reproductive structure known as the
capsule located on the sporophyte. To the best of our knowledge the first to speculate on the function
of stomata in mosses was the English botanist William Valentine in 1838. He concluded that their
function was associated with the drying of spores prior to dispersal [13]. This was subsequently
revisited with the conclusion that moss stomata are involved in the drying out and shrinkage of the
capsule leading to spore dispersal [14, 15]. More recently it has also been suggested that moss capsule

stomata facilitate the uptake of CO, [16,17].

Both the aperture of the stomatal pore and the number of stomata that develop on the surface of the
leaf are controlled by signals from the environment; light (quality and quantity), the atmospheric CO;
concentration, relative humidity (vapour pressure deficit) and endogenous signals such as the plant
hormone abscisic acid (ABA) that builds up during reduced soil water availability [5,6,7]. The ability to
control stomatal aperture and density provides plants with the capacity to control water loss and CO;
uptake in the short and long term. This plays out as changes in water use efficiency (WUE: the amount
of water used to produce a unit of biomass) and thereby contributes to the capacity of a plant to adapt

to changing environmental conditions and their ability to colonise drier regions of the Earth.

In this review we will highlight how palaeontological, phylogenomic, molecular and physiological data
are providing insights into the origin and evolution of stomata, with particular attention being paid to
the evolution of stomatal function. We will also discuss how these data reveal gaps in our knowledge

and identify opportunities for future research.

What can the fossil record tell us about the origin and evolution of stomata?

The fossil record is a good place to start when seeking evidence to inform our understanding of the
origin and evolution of stomata. Recent studies demonstrate that it can have a profound influence on
our understanding of key plant traits and stomata are no exception [18]. The stomata of fossil plants
have been studied in a variety of contexts [19]. The well-documented relationship between stomatal

characteristics, such as stomatal size and density, and the environment have made fossil stomata
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important to the study of past climates [20]. The distinctive morphology of the stomatal complex has
meant that they have been used to distinguish, and occasionally define, extinct lineages [21, 22, 23].
In addition, guard cell size has been used as a proxy to infer genome sizes and ploidy levels in fossil

plants [24, 25, 26].

The earliest unequivocal evidence for land plants is the presence of isolated spores in the Ordovician
approximately 470 million years ago (mya) [27,28] and slightly younger fragments of sporangia (spore
bearing organs) around 450 mya [29]. These fragments show that plants were on land by the
Ordovician but provide no evidence of stomata. The earliest putative evidence for stomata also comes
from the Ordovician but from a slightly younger deposit from Zbrza, Poland, 445 mya [30]. These
fossils consist of small cylindrical, dichotomously branched, leafless axes up to a couple of millimetres
in length with terminal structures interpreted as sporangia. The bodies of these early land plants were
composed of cylindrical branches termed axes. In this context, the term axes (plural), or axis (singular),
is used because at this time, the organs that we recognize as shoots, leaves and roots had not evolved.
A single axis was preserved with a possible stoma, composed of two poorly preserved kidney-shaped
structures interpreted as guard cells. Given the poor preservation of the specimen it is difficult to be
confident about the interpretation of this as a stoma, however the size of the putative stomatal
complex, (29 um long x 21 um wide), does fall within the known range of stomata from later in the
geological record [8]. Despite evidence for plants being on land in the Ordovician, there are currently

no structures that can be unequivocally identified as stomata from this time period.

Towards the end of the Silurian (c. 425 mya) we find the first evidence for abundant plant life on land,
with assemblages of vascular plants including examples of genera such as Cooksonia. This is an extinct
genus of vascular plants with thin bifurcating axes and terminal sporangia. Taxa of this genus do not
form a monophyletic group and sit on the land plant phylogenetic tree around the divergence of
lycophytes and euphyllophytes [31, 32] (see Figure 1 for further details). These earliest records
unfortunately lack the degree of preservation required to seek evidence for the presence of stomata.
The first unequivocal stomata were described from 420 my old plant axes indicating a minimum age

for stomata at the end of the Silurian [8].

The Devonian (419-358 mya) was a period characterised by a strong radiation of land plants with
abundant evidence for stomata. Fossils from the lowermost Devonian (c. 415 mya) have stomata and
already display significant variation in stomatal form [8]. Cooksonia had stomata distributed on axes
and sporangia [8,33] as did the eophytes, a group of unclear taxonomic affinity preserved based on
fragments of tiny sporophytic axes and terminal sporangia [34,35]. Spores produced by eophytes are

cryptospores [36]. Cryptospores are known since the middle Cambrian and superficially resemble the
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earliest land plant spores from the uppermost Ordovician but lack a clear tetrad mark. Cryptospores
provide clear evidence for plant life on land, but it is not until the Devonian when the earliest
unequivocal proof of their producers becomes available. Devonian fossils of Cooksonia and eophytes
provide evidence of stomata on both axes and sporangia in groups of plants, with fossil records that

extend much earlier than the Devonian.

Much of what is known about the anatomy of Early Devonian plants is from a site of exceptional
preservation near the village of Rhynie in Scotland [37]. The Early Devonian Rhynie chert represents a
hot-spring ecosystem [38], containing a variety of species, each with cellular level preservation. Most
of these plants were only a few tens of centimetres high, with branched photosynthetic axes, terminal
or lateral sporangia. Due to their branched sporophyte axes these plants are all termed
polysporangiophytes (Fig. 1). Today, polysporangiophytes encompass all living vascular plants,
including both lycophytes and euphyllophytes. However, most plants in the Rhynie chert diverged
before, or around the time of, the split between living lycophytes and euphyllophytes. Therefore, they
provide a key insight into plant evolution in the first vascular plants. Stomata, with kidney-shaped
guard cells, are present in all well-described species, and the morphology of stomata varies extensively
between species, indicating that stomata had diversified by the Early Devonian [8]. The shape and size
vary from large, elongate stomata observed in Horneophyton ligneri [39], to the rounded and small
stomata in Nothia aphylla (possibly an early diverging lycophyte) [40]. The distribution of stomata
across tissues is also variable but generally extensive, with stomata in the extinct lycopsid, Asteroxylon
mackiei, present on all but rooting axes [41], while others, such as Rhynia gwynne-vaughnii (an extinct
vascular plant), possess scattered stomata on all regions of axes including rhizomes and sporangia [8].
The substomatal cavities associated with the stomata in each species also vary considerably. In
Aglaophyton majus (a non-vascular plant) and Rhynia, they consist of a channel below the pore,
formed by epi- and hypodermal cells, leading to a substomatal chamber, cutinised in Aglaophyton but
not in Rhynia [8]. While in Horneophyton the surrounding epidermal cells partially subtend the guard
cells, creating a funnel-shaped chamber [8]. Nothia is an exception within the Rhynie chert, with guard
cells opening directly over the substomatal chamber [40]. The plants in the Rhynie chert therefore
display a great variety of sizes, distributions and associated substomatal cavities, demonstrating the

diversity present in the Early Devonian.

There is evidence suggesting that there was diversity in opening and closure mechanisms in the Early
Devonian, at least in terms cell wall mechanics. Some species, such as Zosterophyllum myretonianum
(a zosterophyll, an extinct early diverging lineage of lycophytes) [42], show heavily cutinized walls in

adjacent epidermal cells, suggesting that lateral movement of the guard cells was impossible [8].
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Instead, the flexible thinner periclinal walls would have allowed opening of the pore [43]. This
mechanism is also seen in some extant plants, including mosses and the lycophyte, Huperzia [44].
Nothia, however, possessed thickened periclinal and anticlinal walls and so the form of stomatal
movement proposed for other Rhynie chert plants was likely not the case in this species. The stomata
in early land plants always lack differentiated subsidiary cells [8] and so the elaboration of the complex

and the development of subsidiary cells likely arose later during vascular plant evolution [21].

Despite their overall apparent morphological similarity to the stomata of extant plants, stomata in the
Rhynie flora also demonstrate unique traits, such as development on the gametophyte.
Gametophytes of several species have been identified based on shared anatomy, co-occurrence and
development from spores. Gametophytes, such as Lyonophyton rhyniense, the gametophyte of
Aglaophyton, tend to be of similar morphology and anatomy to the sporophyte generation, indicating
two free living generations [44,45]. In extant land plants stomata are confined to the sporophyte, even
in bryophytes where the gametophyte is larger, free-living, photosynthetic and the sporophyte is
greatly reduced. The presence of stomata on the gametophyte generation of plants in the Rhynie chert
is therefore a novel characteristic of these early land plants. Stomatal densities and morphologies are
similar in the gametophytes and sporophytes of Rhynie chert plants [45,46,47,48] and so it is possible
that they performed the same role in both generations. This suggests that a comparatively complex
gametophyte is ancestral to vascular plants [45,46,48] and that gametophytic stomata have since

been lost with the overall reduction in size and complexity of the tracheophyte gametophyte.

Assigning a role to stomata in these early plants is difficult, for two main reasons. Firstly, the function
of stomata in the two major groups of living land plants, bryophytes and tracheophytes, is predicted
to be different. In extant bryophytes, stomata only occur on the sporangium, where they are believed
to play a role in sporangium drying, the release of spores [14,15], and CO, uptake [16]. In contrast, in
living tracheophytes, stomata predominantly occur on leaves and both vegetative and reproductive
axes, and function primarily in the control of gas exchange (loss of water vapour and CO; uptake). The
early fossil record suggests evidence for both character states being present by the Early Devonian.
For example, in Sporogonites, an extinct unbranched species with a terminal sporangium [50,51],
stomata occur on terminal sporangia, whereas in fossil lycopsids such as Asteroxylon they are only
recorded on axes, including rhizomes, and not on sporangia. However, many fossil species possess a
mosaic of traits that are typical of both bryophytes and tracheophytes, a condition which also occurs
in species from the Rhynie chert [8]. For example, among the eophytes, stomata are found on both
the sporangium and the axes [34,35], a condition which also occurs in Aglaophyton [52],

Horneophyton [8] and Nothia [40] from the Rhynie chert.
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The second reason why assigning a role for stomata in early land plants is difficult is due to the
uncertainty in the placement of early fossils on the land plant phylogeny and their fragmentary
preservation [31,53,54,55]. Some of the most intriguing extinct species, such as Sporogonites, are
unresolved phylogenetically yet may inform the evolution of stomata in bryophytes. Sporogonites
bears a superficial resemblance to modern bryophytes [56] and may therefore, should taxonomic
placement be concluded, help inform on early bryophyte evolution [56,57]. Sporogonites, like many
of the fossils from the Early Devonian, are known only from small, isolated fragments, meaning we
still lack a clear understanding of their overall form and lifecycle. To address whether Sporogonites
was reliant on stomata requires exceptionally well-preserved fossils. In summary, the presence of
stomata on axes, including rhizomes and the gametophyte generation in the earliest land plant fossils
does not support the hypothesis that stomata functioned solely to facilitate sporangium drying and
the release of spores. Rather it suggests that stomata may have evolved to facilitate control over both

water loss, CO, uptake and sporangial drying.

The function of stomata in some of these species remains a puzzle. For example, Electorotheca
enigmatica possessed stomata on sterile appendages overlying the sporangium [55]. As there is no
evidence for vascular tissue in this species, if the stomata facilitate transpiration, then they do so
without the anatomical innovations (xylem and sub-stomatal cavities) found in tracheophytes. In
addition, the density of stomata on the sporangium is so low that it is unlikely to provide much
assistance with drying the sporangial walls or gas exchange in photosynthetic tissue. Research on the
extinct eophytes has resulted in them being tentatively placed on the vascular plant stem lineage
[34,35]. However, it is possible that they represent a member of the broader, more inclusive
embryophyte stem lineage. If this were the case, it would suggest that an ancestral land plant may
have possessed stomata on both the sporangium and axes, each respectively retained in non-vascular

and vascular descendants.

The review of the earliest fossil record of stomata reveals four important insights: first, despite
fragmentary evidence of plants being preserved back to 470 mya, unequivocal evidence of stomata is
only found in c. 420 mya old fossils, leaving a 50-million-year gap in our understanding of early
stomatal evolution. Second, when stomata are first found in the fossil record, they are common
features in most early well-preserved fossils. Third, the presence of stomata on sporangia, axes and
gametophytes, indicates that by the Early Devonian the primary function of stomata was not restricted
to spore release. Finally, the early fossil record provides no evidence of lineages that we can
confidently infer to lack stomata ancestrally, or lineages with a gradual acquisition of stomatal

characters. However, the abundant stomatal fossils from the Lower Devonian allow us to investigate
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stomatal diversity at this key time point. To date, no fossils have been discovered that possess an
intermediate form that would help explain how stomata first developed from epidermal cells. Is this
because stomatal progenitors and intermediate forms have not been recognized by palaeobotanists?
This is of course possible because it is difficult to predict what such structures would have looked like.
It is also made more difficult by the incompleteness of the fossil record. For example, discounting
Sporogonites, the oldest undisputable bryophyte fossils date from c. 385 mya [58] yet lack the details
required to infer the presence, absence or nature of their stomata. In this context, while similarities
between extant plants and the earliest records of stomata in the fossil record have led to predictions
that stomata have remained conserved in morphology and function for hundreds of millions of years,
we now know that by the earliest Devonian (c. 395-419 mya), stomata were diverse in terms of form,

distribution and potentially function.

In summary, from the fossil record we learn that stomata are ancient structures that had diversified
by the Early Devonian. Their presence on the gametophytes, axes, rhizomes and sporophytes of the
predicted common ancestor of vascular plants suggest that their role was not restricted to facilitating
spore dispersal. However, until new fossils are discovered the origin and ancestral functions of
stomata remain a mystery. For this reason, we will next examine what phylogenomics has to

contribute towards solving the puzzle of the origin and evolution of stomata.

Insights into stomatal evolution gained from phylogenomic research

The results of recent phylogenomic analyses support two major monophyletic land plant lineages:
Tracheophyta and Bryophyta (Figure 1A) [2,59,60,61]. Within the bryophytes, liverworts and mosses
are also consistently found as sister lineages forming a group termed the setaphytes. The sister
relationship between liverworts and mosses is important because it means that the absence of
stomatain liverworts is likely the result of secondary loss, rather than ancestral absence. It also implies
an origin of stomata prior to the divergence of tracheophytes and bryophytes (c. 495-515 mya [62])
and therefore the presence of stomata in the common ancestor of all living land plants [2]. Stomata
are the rule in tracheophytes and are only lost in species that have secondarily evolved to become
aquatic, poikilohydric or holoparasitic [4,63]. In bryophytes, stomata are absent in all liverworts as
well as several genera of mosses, including the earliest diverging lineages of mosses and certain
genera of hornworts. A recent survey of the presence of stomata in mosses proposed over 60
independent losses [3]. The loss of stomata in many lineages of mosses and hornworts highlights that
stomatal loss is an ongoing process. Stomata appear to be an example of an adaptive loss of function
and yet the parallels in the loss of stomata between various bryophytes and tracheophytes have not

yet been explored.
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In extant dicots, we have a good understanding of stomatal development. In a simplified overview,
the process is initiated by the asymmetric cell division of a meristemoid mother cell (MMC). This
produces a meristemoid and a larger stomatal lineage ground cell (SLGC). MMCs go through a series
of amplifying asymmetric divisions until a guard mother cell (GMC) is produced. This then divides
symmetrically to produce a pair of guard cells. Important molecular master regulators in this process
are the basic helix-loop-helix (bHLH) transcription factors. SPEECHLESS (SPCH), MUTE and FAMA. SPCH
is required for meristemoid development; MUTE promotes the development of the GMC, while FAMA
regulates the symmetric division that produces the two guard cells A mitogen-activated protein kinase
(MAPK) cascade, which is controlled by peptides known as epidermal patterning factors (EPFs), acts
to regulate all steps of stomatal development, though this has only been directly demonstrated
for SPCH and MUTE. The developmental sequence is influenced by environmental factors and is
subject to rules, including the “one spacing” rule that prevents the co-occurrence of adjacent stomata.
Stomatal development in Arabidopsis [64,65,66,67] and grasses [68] has been recently and

authoritatively reviewed.

In the light of species relationships, phylogenetic analysis of individual gene families can reveal
instances of gene duplication, loss and functional divergence. Gene families characterised in
Arabidopsis thaliana have revealed the evolutionary history of the genetic toolkit underpinning
stomatal development [2,15,69,70,71,72,73]. The phylogenetic history of SPCH, MUTE and FAMA
showed that they are paralogues (Figure 1C) and are present in most angiosperms. However, only two
paralogues are present in the moss Physcomitrium patens (previously named Physcomitrella patens)
[70,74]. Further functional and phylogenetic analyses in Physcomitrium identified an orthologue of
SPCH, MUTE and FAMA referred to as SMF that is required for stomatal development [15,72]. Moss
lacking the PpSMF1 gene failed to form any stomata and had delayed capsule opening and spore
dispersal [15]. Subsequent work showed that FAMA, SMF and a gene resembling both SPCH and MUTE
were present in the common ancestor of all embryophytes [2]. This suggests that FAMA and
SPCH/MUTE were lost in the bryophyte stem lineage. An orthologue of SMF was identified in
lycophytes [2], which further supports an origin for SMF prior to the divergence of bryophytes and
tracheophytes. The conclusion of these analyses is that the ancestral stomatal development pathway
consisted of FAMA, SMF and SPCH/MUTE. Extant lineages have retained only one of either SMF or
FAMA, suggesting a degree of functional redundancy between SMF and FAMA in early land plants
[75].

Phylogenetic analyses of the EPFs have identified orthologs in both bryophytes and tracheophytes

[2,15,69,72,73,76]. As with the bHLHSs, the EPFs that underpin stomatal development were present in
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the ancestral embryophyte. Harris et al., [2] identified seven stomatal development genes (TMM,
EPF1, EPF2, SCRM2, SMF, FAMA and POLAR) that mapped back to the ancestor of all embryophytes,
which has since been corroborated by a denser sampling approach [69]. To demonstrate functionality,
Caine and colleagues [71] knocked out the Physcomitrium homologues of Arabidopsis EPF1 and 2,
resulting in sporophytes with increased numbers of stomata. The deep origins of many genes involved
in stomatal development suggests that, in the first land plants, the signalling pathways underlying
stomatal development were probably more complex than those found in extant bryophytes. It seems
likely that in terms of stomatal development, extant lineages of bryophytes evolved by reduction from

a more complex ancestor [2,77].

Phylogenetic analyses of the genes involved in Arabidopsis stomatal opening and closure reveal that
many have orthologues in streptophyte algae. These data suggest that the origin of the stomatal
signalling pathway predates the appearance of land plants [2,78,79,80]. The protein kinase, OPEN
STOMATA 1 (OST1 also known as SnRK2e), is an important component in the Arabidopsis stomatal
closure intracellular signalling network. Deletion of a Physcomitrium orthologue of OST1 results in
stomata that exhibit reduced ABA-induced stomatal closure, confirming that this gene product plays
arolein pore closure in moss [81]. OST1 orthologues from the alga Klebsormidium nitens, the liverwort
Marchantia polymorpha, Physcomitrium and the lycophyte Selaginella uncinata have been used to
genetically complement, and thereby restore, ABA-induced stomatal closure in the Arabidopsis ost1
mutant [79, 81, 82, 83]. The observation that deletion of the moss orthologue results in compromised
ABA-induced closure [83] argues against the suggestion that OST1 functioned in a different role in the

ancestral embryophyte and was co-opted into stomatal signalling later in embryophyte evolution [83].

A suite of genes known to be involved in the control of stomatal movement in Arabidopsis were
mapped to the ancestor of all embryophytes [2,69]. Eleven out of the eighteen genes assessed,
including OST1, were predicted to have been present prior to the split between bryophytes and
tracheophytes. This suggests that a significant portion of genes required for stomatal movement in
Arabidopsis were present in the ancestral embryophyte. Of these, a number were secondarily lost in
bryophytes in situation reminiscent of the genes controlling stomatal development [2]. It was also
shown that all the mosses sampled had lost the key voltage-gated ion channel GORK, and all liverworts
had lost SLAC1, both of which are well known components of the Arabidopsis stomatal closure
pathway [2]. However, the most prominent losses in bryophytes were associated with stomatal
development genes. We hypothesise that if there is evolutionary pressure to lose stomata, the loss of
developmental genes is the most efficient way to accomplish this change, rather than incremental

functional reductions. These findings are summarised in Figure 2.
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There are two insights to emerge from the phylogenomic work. The first is the establishment of the
land plant phylogeny, which leads to the conclusion that stomata were present in the common
ancestor of all living land plants. During evolution they have been secondarily lost on many occasions
within the bryophytes, including a complete loss in the common ancestor of the liverworts. The
alternative to this hypothesis is that stomata have multiple, independent origins across land plants
and that their similarities have resulted from convergence [84]. This possibility is not supported by the
phylogenomic data. The second insight is that the data support a more gene-rich origin for stomata in
the last common ancestor of the land plants than is found in present-day bryophytes. However, it
should be emphasised that phylogenetic inferences reflect both the data available and the analytical
methods used [85]. As more genomes become available, the phylogeny of the land plants will become
clearer and this may have a bearing on our understanding of stomatal evolution. However, given the
support for the monophyly of bryophytes and particularly for a clade of liverworts and mosses, the
most straightforward conclusion is that stomata evolved once in the last common ancestor of the land
plants and there seem to be no compelling reasons to invoke multiple later convergent origins of

stomata.

The evolution of stomatal opening and closure: insights from extant species.

In Arabidopsis, changes in environmental conditions are either detected directly by receptors in, or at
the surface of the guard cell or generate increases in the concentration of hormones, such as abscisic
acid (ABA), which are perceived by receptors in the guard cells. Once the environmental signal has
been perceived, guard cell intracellular signalling networks couple the stimuli to their final targets,
typically ion channels. Changes in ion-channel activity result in either the loss of salt, followed by water
and turgor loss from the guard cell that results in stomatal closure, or the accumulation of salt and
water in the guard cell that leads to stomatal opening (Figure 3). The transport of sugars and organic
acids is also involved in the determination of stomatal aperture. For more information, please see the

following reviews [5,6,7].

Our knowledge of stomatal function in extant angiosperms motivates a series of evolutionary
guestions: (1) When did stomata acquire the ability to open and close in response to changes in the
environment? (2) Was the capacity to respond to different signals acquired at different points during
evolution? (3) Has stomatal behaviour, such as speed of response, changed during evolution? Before
attempting to answer these questions, it is important to be aware of the inherent limitations and
uncertainties associated with using the responses of extant species to predict the behaviour of extinct

taxa.
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Firstly, much of what we know about guard cell function stems from work in Arabidopsis. In the future
it will be very important to investigate stomatal behaviour in other species. This will make it possible
to establish whether the model we have built is representative of all groups, or whether there is
diversity in the cellular and molecular mechanisms that underpin stomatal movements. We already
know that there are some differences in stomatal behaviour such as in CAM plants, where in contrast
to C3 species, stomata open during the night [86]. It is also important to recognize that the species we
are looking at today represent the results of hundreds of millions of years of evolution — and the
process is ongoing. In addition, the environmental conditions under which the extinct ancestors of
today’s plants thrived were, in many cases, significantly different to the conditions experienced by
species living today. A case in point would be the atmospheric CO; concentration which is greatly
reduced today compared with the levels experienced by the earliest plants [87]. Finally, but
significantly, we have the phylogenomic evidence [2,59,60,61] that supports the monophyly of
stomata with an origin before the divergence of the tracheophytes and bryophytes. This means that
these two lineages, as well as the major lineages within each, have been proceeding on independent
and separate evolutionary trajectories for hundreds of millions of years. These factors mean that we
need to be cautious when drawing conclusions about the evolution of stomatal function based on

data from extant species.

There are conflicting views concerning the evolution of stomatal function. In 2011, McAdam and
Brodribb [88] proposed that bryophyte, lycophyte and fern stomata were unable to close in response
to ABA and elevated concentrations of CO,. They suggested that changes in stomatal aperture in these
genera took place by adjustment of guard cell turgor as a result of variation in leaf apoplastic water
potential (hydropassive mechanisms) [88]. That is without recourse to the signal transduction
networks involving adjustment of guard cell turgor through the uptake or release of ions, or synthesis
of organic solutes in guard cells (hydroactive mechanisms) [83, 88]). Their contention was that
hydroactive movement only evolved with the emergence of gymnosperms and angiosperms [88,89].
The counterview is that changes in stomatal aperture in the earliest diverging lineages took place
through hydroactive means. This has led, by extension, to the suggestion that hydroactive stomatal

movement was already present in the earliest land plants [81,82].

Figure 4 shows that, within extant bryophytes, lycophytes and ferns, there are examples of species,
which close their stomata in response to ABA and CO; and those that do not. The same is true for
blue-light-induced opening. These data do not support the suggestion that hydroactive responses first
evolved with the emergence of the gymnosperms [88,89]. The gold standard approach in establishing

whether stomata move through hydroactive responses is to knock-out genes proposed to be involved
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in, for example, the guard cell ABA signalling pathway. Unfortunately, the inability to conduct, on a
routine basis, stable genetic transformation in most species, means that this approach cannot be
brought to bear on the question of hydroactive or hydropassive passive responses. However, there is
an exception. In Arabidopsis the protein kinase OST1 is required for ABA-induced stomatal closure
[90]. Deletion of the moss, Physcomitrium orthologue of OST1 interferes with the ability of ABA to
induce stomatal closure [81]. These data provide compelling evidence to support the presence of
hydroactive closure outside the gymnosperm and angiosperm clade. In the fern Ceratopteris richardii
gaial mutant (a homologue of OST1), a reduction in vapour pressure deficit or dehydration, induced
by leaf excision, caused stomatal conductance decrease to the same extent as wild type suggesting
that this gene was not involved in these responses [91]. However, more recent work showed that
there are additional OST1 homologues in the C. richardii transcriptome. This means that the failure to
interfere with closure in gaial may be because other C. richardii OST1 homologues are able to
compensate for the loss GAIA [92]. In the same paper it was shown that stomata in this fern can and
do respond directly to ABA [92 The evidence for hydroactive stomatal opening is presented in Figure
4 and Supplementary Table 1 and is complemented by experimental work using fusicoccin, a
compound that constitutively activates the plasma membrane H*-ATPase. Addition of fusicoccin to

two mosses and a lycophyte induced stomatal opening [81,82].

The key message to emerge from Figure 1 and Supplementary Table 1 is that stomata from all lineages
have the capacity to respond to all, or some of the following signals, ABA, CO,, blue or white light. In
the context of evolution, it is not how much they respond; rather a positive response shows that the
required intracellular signalling network is present and in operation. Research in the lycophyte
Selaginella uncinata shows a dose response relationship to ABA extending from 1-25 uM [82], while
50 uM ABA elicits significant closure in Physcomitrium patens [81]. In the case of CO,, significant
closure is observed in P. patens in response to an increase from 100 to 400 ppm [81] and in S. uncinata
from 425 to 700 ppm [82]. Both ABA and CO; concentrations are well within the range over which
these stimuli operate in angiosperms. In the future, it will be important to measure the affinities of
the bryophyte, lycophyte and fern guard cell receptors for ABA, because this value, rather than bulk

tissue levels, dictates the stomatal response.

The clear evidence that stomata open and close using hydroactive mechanisms in some species of all
extant genera, from angiosperms to bryophytes, allows the rejection of the hypothesis that
hydroactive responses are only present in gymnosperms and angiosperms [88,89]. What might the
behaviour of stomata in extant genera tell us about the evolution of stomatal function? Bearing in

mind the caveats mentioned above, one interpretation of the extant data would be that stomata in
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the earliest embryophytes responded actively, however, during the course of millions of years of
evolution this has been lost, or masked, in some extant genera and species. Alternatively, the ability
to respond actively has evolved independently, on multiple occasions, in multiple genera over
evolutionary time and this gives rise to the pattern of hydroactive and hydropassive responses seen
in Figure 4. There is also a further possibility. Regulation of leaf gas exchange can be achieved by either
controlling stomatal aperture or stomatal density or both. There is evidence that species that do not
close their stomata in response to elevated CO, are more likely to show a significant reduction in
stomatal density in response to this same signal. In contrast, species with a strong closure response

to elevated CO; are less likely to have a significant developmental response to CO; [93].

Failure to detect a hydroactive response in extant species can also be explained by conditionality; that
is, that a response only occurs under certain growth conditions. In stomatal biology this phenomenon
is known from work on species, including Arabidopsis thaliana, where the ability of stomata to
respond to ABA is dictated by the relative humidity of the atmosphere [94]. Might a similar failure to
respond also result from conditionality in early diverging lineages? There are data suggesting that this
is the case. Horak et al [95] showed that in some fern species the ability to close stomata in response
to ABA and CO; is conditional and dependent upon the relative humidity of their environment.
Recently, the issue of conditionality was investigated in the fern Ceratopteris richardii. Placket et al.
[92] showed that stomata of C. richardii close in response to either low relatively humidity or ABA, but
that the ability to respond is dependent on a prior exposure to either ABA or reduced atmospheric
relative humidity. Data from RNA sequencing experiments suggested that exposure to ABA or reduced
relative humidity acted to prime the closure signalling pathway such that it operates at a lower
threshold. The results of these experiments provide an explanation as to why stomatal responses to

extracellular signals in all lineages might sometimes be absent.

If the ability of stomata to respond to extracellular signals is the ancestral state, which selective
pressures resulted in the loss, or lack of retention, of this important trait? At this stage it is only
possible to speculate, however, the most plausible explanation is that losses might have occurred
during adaptation to life in habitats where the ability to, for example, close in response to ABA is of
no selective advantage. Such a situation might arise in habitats characterised by low vapour pressure

deficit (high atmospheric relative humidity) especially when coupled with a low stature.

Evolution of stomatal size and speed of response

Optimisation of carbon uptake while controlling the loss of water has resulted in a diversity of stomatal

sizes, densities and morphologies [96]. Size and density together determine the maximum diffusive
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conductance to CO; and water vapour [96]. Smaller, and more densely distributed, stomatal pores
achieve higher rates of conductance due to the shorter diffusion distance associated with the reduced
depth of their guard cells [97]. This has led to the hypothesis that decreasing atmospheric CO;
concentrations after the emergence of vascular plants favoured those with smaller stomata at high
densities, and indeed fossil evidence supports positive and negative correlations between stomatal
size and density, respectively, with atmospheric CO, concentration over the past 400 million years of
land plant evolution [97,98]. Indeed, the increases in anthropomorphic atmospheric CO, emissions

over the last 200 years, coincide with decreased stomatal densities across many species [99].

Increases and decreases in photosynthetic assimilation capacity can occur an order of magnitude
faster than adjustments in stomatal conductance, limiting carbon uptake during opening and causing
superfluous water loss during stomatal closing. Together these two parameters have a detrimental
effect on water use efficiency [7, 100] meaning that faster acting stomata could confer advantages

particularly in fluctuating environments when water is restricted [101,102].

Apart from angiosperms, other tracheophyte clades such as ferns are generally believed to have
relatively slow stomatal responses. However, some ferns have stomatal response speeds that are
comparable to those of angiosperms. Recent work has revealed that Polypodiales, a relatively modern
and species-rich order of leptosporangiate ferns, have faster responses to blue light than, for example,
the more ancient eurosporangiate fern Angiopteris evata (Marattiales) and Arabidopsis [103]. This
impressive stomatal speed may have enabled later diverging fern species to occupy the shady

understory beneath an increasingly angiosperm dominated canopy [104].

There are two major stomatal morphologies; those with kidney or dumbbell-shaped guard cells. The
kidney shape was the earlier to evolve and these are found extensively in early fossil land plants
(Figure 1) with dumbbell-shaped cells appearing in grasses and their relatives only [1,105]. The
dumbbell innovation is associated with increased stomatal operating efficiency, achieving a larger
change in pore area for a given change in guard cell turgor and a more rapid response to changes in
light [96, 106]. The increased efficiency of dumbbell-shaped guard cells is thought to have enabled
grasses to expand from the tropical understory to dryer niches during a time of global aridification [1].
The dedicated subsidiary cells associated with dumbbell stomata contribute to their efficiency.
Mutants lacking such subsidiary cells have impaired opening and closing, and change pore width more
slowly than wild type [107]. The enhanced speed of grass stomata has also been linked to their smaller
size and larger surface area to volume ratio for ionic exchange [1, 97, 108]. In closely related kidney
shaped-species of the genus Banksia, stomatal size was negatively correlated with opening speed

[109]. However, this is not always the case [106], and stomatal response speeds appear to be more
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correlated with conditions during diversification, with species diversifying in periods of low or
declining atmospheric CO,, being able to close their stomata most quickly [110] as proposed many
years ago [111]. Are there other underlying explanations to account for the ability of grass stomata to
adjust their pore apertures rapidly? It is probable that these faster guard cells also have enhanced
signal transduction responses and increased capacity to exchange ions with the apoplast or
surrounding subsidiary cells [112, 113], and that their morphology and/or cell wall composition
support faster aperture changes [114]. However, these properties remain to be empirically
determined. Further, subsidiary cells of different morphologies are widespread among land plants and

yet their function in relation to stomatal movement remains unclear.

The evolution of stomatal developmental responses to changes in atmospheric CO;

In a pioneering study Woodward showed there was a negative correlation between the concentration
of atmospheric CO; and stomatal density [99], which extended over 200 years. This relationship was
subsequently extended into geological time by palaeobotanists [e.g., 115] and stomatal density has
been widely used since as a proxy for estimating palaeoatmospheric CO; [25,87,116]. In present-day
angiosperms stomatal density is affected by changes in development, which in turn is regulated by
the atmospheric CO; concentration, with over ambient concentrations generally, but not exclusively,
promoting decreases in stomatal density [117]. The underlying signal transduction pathway
responsible for coupling the perception of changes in atmospheric CO; to changes in stomatal
development and therefore density, is beginning to be resolved, largely from work on Arabidopsis [6].
While it is impossible to test whether the relationship between atmospheric CO;, concentration and
stomatal development is causal in extinct genera, it has been possible to compare stomatal density in
the Ginkgoales, the group that includes the single extant species Ginkgo biloba, and has a fossil record
dating back to the Permian [118]. The results show that, in extant Ginkgo biloba, growth in increased
CO; results in a decrease in stomatal density compared with growth at current ambient levels of the
gas [119]. These studies were extended to include fossil material from three extinct species, assigned
to Ginkgo or Ginkgoites [118, 119] and which spanned the Triassic and Jurassic periods. At this time
CO; levels were inferred to be higher than they are today. When the stomatal densities were
measured in the fossil material it was found that they were consistently lower than seen in G. biloba
growing at current ambient CO; [119]. If Ginkgo had the ability to respond to changes in CO, by
controlling stomatal development, this implies that the underlying signalling pathway was functional
in the Triassic. In extant genera such as Arabidopsis, stomatal development is controlled by other
environmental signals, including light. Given that genes in the signalling network responsible for the

light-modulated control of stomatal development are being discovered [120,121], it will be interesting
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to use phylogenomic approaches to test whether this might also be an evolutionarily ancient

response.

What was the role of stomata in early plants?

Raven in his 2002 [4] review on the selection pressures on stomatal evolution considered this question
and concluded that the most likely role of stomata in the first land plants was to optimise carbon gain
per unit water lost under fluctuating environmental conditions. In reaching this conclusion he took
into consideration the fact that these very early plants, including those of the Rhynie chert, would
have experienced an atmospheric concentration of CO, that was likely 10x higher than it is today. His
position was also influenced by the phylogeny prevailing in 2002. As discussed above, the case for
bryophyte monophyly has strengthened since then and phylogenomic evidence suggest that the
emergence of bryophytes was associated with the loss of many genes, including those associated with
stomatal development and function (Figure 2). This resulted in the loss of stomata in liverworts and,
in the ongoing loss of stomata in some mosses and hornworts [3,15]. As bryophyte stomata can be
regarded as derived, to understand the role of stomata in early plants we need to focus on early
embryophytes that preceded the divergence of tracheophytes and bryophytes. From phylogenomic
evidence we know that, in terms of stomatal genes, these plants were more complex than extant
bryophytes. If the emergence of bryophytes involved the loss of genes that contribute to endo- or
homiohydry, then it is quite possible that the stomata in extinct early plants may have fulfilled multiple
roles, including aiding the dispersal of spores as shown in extant bryophytes [14,15]. However,
whether this is the case, or not, will depend on identifying new fossils and phylogenomic evidence
pointing to the presence of a water-conducting system and air spaces in the earliest plants. Based on
current evidence there are no compelling arguments that would, at this stage, suggest a divergence
from Raven’s conclusion [4] that the role of stomata in the earliest land plants was to optimise carbon
gain per unit water loss, or expressed another way, was to optimise water use efficiency in the face of

changing environmental conditions.

Unanswered questions in stomatal evolution

Phylogenomic evidence suggests that the common ancestor of tracheophytes and bryophytes had
stomata that were likely more genetically complex than those found in extant bryophytes [2] and have
since elaborated in tracheophytes [122]. However, this still leaves unanswered the question of their

origin. The fossil record indicates that ancestral stomata looked almost identical to stomata in living
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species [33] and developed in what appears to be a similar fashion as and as such provide no clues to
their origin. Equally perplexing, is the observation that stomata of early plants were sparse, at least
when compared with modern angiosperms [8]. This suggests, in the environmental conditions which
prevailed at that time, that gas exchange requirements of these diminutive plants were met by what
we would regard today as a very low number of stomata. Until new fossils from species that predate
the divergence of bryophytes and tracheophytes are identified, finding answers to the question of the

origin of stomata remains problematic.

Another question is prompted by the occurrence of stomata on gametophytes of vascular plants from
the Rhynie chert [45,123]. This observation is interesting as it suggests that stomata were a feature of
the gametophyte generation of the common ancestor of vascular plants. This is critical for two key
reasons. Firstly, it indicates that in the gametophyte generation stomata were not associated with
spore dispersal. Secondly, it raises the possibility that stomata may have evolved first in the
gametophyte generation of land plants. Eophyte axes are almost always less than 1 mm in diameter,
many even less than 0.2 mm. Even when accounting for shrinkage of axes during fossilisation these
mean axis diameters are very small. Although fossils are found as fragments and the maximum height
is unknown, the plants are not inferred to have exceed a couple of centimetres [34,35]. It has been
postulated that these plants were so small that they must have been dependent on currently
unpreserved and therefore unknown gametophytes [124]. Furthermore, the diminutive stature of
sporophytic axes has led to the hypothesis that stomata would not have played a significant role in
transpiration [34,35]. It has been suggested that the primary role of stomata in sporophytes of the
earliest land plants may be more analogous to some living bryophytes, where they are involved in
sporangia drying, spore release [14,15] and CO, uptake [16,17]. However, the presence of stomata on
the gametophytes of the Rhynie chert plants suggests another hypothesis. As stomata are
characteristics of the gametophyte of species that phylogenetically span the origin of vascular plants
this suggests they were a characteristic of the gametophyte of the common ancestor of vascular
plants. In turn this prompts the suggestion that they may have also been characteristics of the
gametophyte stage of the earliest land plants (currently only known from their sporophyte stage). It
is therefore a possibility that stomata may have played a role in gas exchange in the photosynthetic
gametophyte leading to the suggestion that stomata evolved first in the gametophyte. This is a
hypothesis that could be tested in the future when the gametophytes of the earliest eophytes and
Cooksonia-like plants are discovered. If these early gametophytes are found to display stomata it may
suggest that the original function of stomata was in the gametophyte generation and was associated

with gas exchange.
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A further subject requiring further investigation is the evolutionary relationship between the cuticle
and stomata. To the best of our knowledge there are no examples in the fossil record, or in extant
genera, of cuticle-less land plants that possess stomata. However, there are examples of cuticle
bearing plants that lack stomata in fossil and extant genera [2,8]. This might suggest that the cuticle
evolved first or that the two structures evolved at the same time. Intriguingly, research in Arabidopsis
has revealed that some genes involved in cuticular wax and cutin biosynthesis are also involved in the
control of stomatal development [125,126,127], permitting co-regulation of stomatal development

and cuticular properties.

Conclusions

Although there are major unresolved issues concerning the evolution and origin of stomata,
phylogenetic and phylogenomic data have provided new insights into stomatal evolution. In
particular, the establishment of a robust phylogeny, supporting stomatal monophyly, provides a solid
framework for understanding stomatal evolution. The picture emerging suggests that stomata are
ancient structures present in the earliest land plants and predate the divergence of the bryophytes
and the tracheophytes. Phylogenomic data also support a loss of stomatal genes in bryophytes that
took place after the divergence of bryophytes and tracheophytes. These data do not support the
suggestion that stomata evolved on multiple occasions in multiple genera; instead, a single point of

origin is supported.

There are inherent problems in making assumptions about stomatal function and roles in early plants,
based on the behaviour of extant species that are separated from their ancestors by millions of years
of evolution. Evolution is an ongoing process and it is striking that many extant bryophyte lineages are
characterised by a complete loss, or ongoing loss, of stomata. In the angiosperms, the same is true in
the case of seagrasses and in the pre-emergent leaves of aquatic plants [9,10,63]. The data in Figure
4 reveal that there are examples of species that fail to show hydroactive stomatal movement under
the conditions tested. However, there are numerous, independent, reports from diverse genera
showing hydroactive stomatal opening and stomatal closure. Based on these data, we reject the
suggestion [80,81], that hydroactive stomatal responses evolved with the emergence of
gymnosperms. Instead, we conclude that hydroactive stomatal behaviour is the ancestral state
present in all lineages and likely predates the emergence of the bryophytes and tracheophytes. We
suggest that lack of response is either due to secondary loss of function or conditional behaviour.
Presumably, loss of stomata and, or functionality reflects evolutionary adaptation to particular

environmental niches where retention of stomata offers no selective advantage. It is also clear that
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stomata are evolving. For example, the evolution of night-opening stomata in CAM plants [78] or in
ferns where relatively recent (200 mya), in evolutionary terms, leptosporangiate ferns have, compared
with the ancestral ferns, evolved to open very rapidly in response to blue light, a trait that confers

selective advantages in the understory, shaded habitats in which they live [88].

Phylogenomics will continue to provide insights into stomatal evolution. To extrapolate evolutionary
conclusions, physiological and functional studies will need to sample the diversity of stomata across
different lineages of land plants. Characterisation of the diversity of molecular mechanisms underlying
stomatal function will, in turn, contribute to our understanding of stomatal evolution. The biggest
guestion concerning stomata remains their origin. There is a pressing need to uncover more fossils
predating the divergence of bryophytes and tracheophytes, and to re-examine existing fossils. These
together with fossils representing the earliest stages of bryophyte evolution should help to shed light

on the origins of the stomatal pore.
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Figure Legends

Figure 1 The phylogenetic context for stomatal origins and evolution. (a) A time-
calibrated phylogeny of land plants showing the ages of the major lineages and the
evolutionary relationships among them. The depicted relationships are based on a body of
recent literature (see text for details). Molecular clock estimates of lineage age are uncertain,
as depicted by the vertical error bars. (b) a timeline of stomatal evolution in the fossil record.
Stomata of several key early fossils are depicted alongside the geological age at which they
are found. (c) The diversification of the bHLH stomatal development genes. The presence of
individual genes is represented by coloured dots, with present genes shown next to each
extant lineage and at the ancestral nodes. Lines of the phylogeny are coloured according to
the presence or absence of stomata, reflecting the likely hypothesis that stomata were present
in the ancestral land plant. (d) The phylogenetic position and stomatal morphology of
Aglaophyton majus, a species found in the Early Devonian Rhynie chert. Stomata are found
on each generation with comparable morphology. Line drawings are after drawings in the
following papers [8,25,118,119].

Figure 2. Stomatal gene family evolution across land plants. Each major lineage is
represented. At each node of the phylogeny, the origins of genes are shown in blue, gene

duplications in yellow and gene losses in red.

Figure 3. Guard cell stimulus-response coupling. Extracellular signals are perceived by
intracellular receptors or at the plasma membrane. These activate cytosolic coupling events
such as increases in the concentration of intracellular messengers such as Ca?* and reactive
oxygen species (ROS) and enzymes, particularly protein kinases and phosphoprotein
phosphatases. These in turn result in the co-ordinated regulation of metabolic reactions,
changes to the cytoskeleton, changes in ion transport and gene expression. The net result of
these processes are alterations to guard cell turgor leading to changes in stomatal aperture.
These events need to be coordinated both in space (the appropriate cellular compartment)
and in time (occurring in the correct sequence). For full details see the following reviews
[5,6,7].

Figure 4. The diversity of stomatal responses among land plants. Experimental evidence
for stomatal responses to humidity, light, CO, and ABA are mapped onto the land plant
phylogeny for species selected to represent a diversity of stomatal responses to various stimuli
(data for all available species and relevant references are found in Supplemental Table 1).

This shows the possibility that stomatal responses to environmental cues are widely
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distributed among and possibly ancestral to land plants. Note that in many cases, the absence
of a response does not indicate loss, but that the response has not been determined. Species
where conflicting responses have been determined are marked with an asterisk. The dotted
lines represent a part of the tree where the evolution of the ABA response in ferns and light

response in bryophytes remains uncertain and warrants further investigation.

Table S1. Summary of reported bryophyte, lycophyte and fern stomatal responses to
stimuli. + (red) and - (blue) symbols indicate response, or lack of response, revealed by
direct measurement of stomatal apertures or infrared gas analysis of stomatal conductance.
ND indicates where experiments were Not Done or Not Documented. * Light/Dark response
was recorded as -ve if blue light response was absent when superimposed on red light
[103,136,145,146].

Table S2. A directory of original studies containing images and additional details of the
stomata of early land plants.
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1109 Table S1. Summary of reported bryophyte, lycophyte and fern stomatal responses to

1110  stimuli. + (red) and - (blue) symbols indicate response, or lack of response, revealed by

1111  direct measurement of stomatal apertures or infrared gas analysis of stomatal conductance.
1112  ND indicates where experiments were Not Done or Not Documented. * Light/Dark response
1113  was recorded as -ve if blue light response was absent when superimposed on red light

1114  [103,145,146,136].

1115
Phylum Species ABA CO; Light*/dark Humidity Reference
Bryophytes  Anthoceros punctatus - ND - ND [127]
Anthoceros punctatus + ND ND ND [128]
Anthoceros punctatus ND - ND ND [129]
Funaria hygrometrica + + + ND [81]
Funaria hygrometrica + ND + ND [130]
Funaria hygrometrica ND - ND ND [129]
Mnium hornum ND - ND ND [129]
Phaeoceros laevis - ND - ND [127]
Phaeoceros laevis ND - ND ND [129]
Physcomitrium patens + + + ND [81]
Lycophytes  Huperzia phlegmarioides ND - ND ND [131]
Lycopodium deuterodensum - ND ND ND [88]
Selaginella bryopteris + ND + + [132]
Selaginella haematodes - ND ND ND [133]
Selaginella kraussiana - ND ND ND [88]
Selaginella kraussiana - ND ND ND [89]
Selaginella kraussiana ND ND + ND [103]
Selaginella moellendorffii ND ND + ND [146]
Selaginella pallescens ND - + ND [134]
Selaginella pulcherrima - ND ND ND [133]
Selaginella uncinata + + + ND [82]
Selaginella uncinata ND ND + ND [146]
Selaginella uncinata ND ND ND + [135]
Selaginella uncinata - - + ND [131]
Ferns Adiantum capillus-veneris - - - ND [136]
Adiantum capillus-veneris ND + + + [137]
Adiantum capillus-veneris ND ND - ND [145]
Adiantum fragrans ND ND + ND [103]
Adiantum latifolium ND + + + [138]
Adiantum trapeziforme ND + + + [137]
Alsophila mertensiana ND ND - ND [146]
Angiopteris evecta ND ND - ND [103]
Angiopteris evecta ND + ND ND [139]
Angiopteris lygodifolia ND + + + [137]
Angiopteris lygodiifolia ND ND + ND [146]
Asplenium nidus ND + + + [137]
Acrostichum aureum ND + + + [137]
Asplenium scolopendrium ND - ND ND [131]
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Asplenium scolopendrium ND ND - ND [145]

Asplenium trichomanes ND + + + [137]
Athyrium filix-femina + + ND + [95]
Athyrium filix-femina - ND ND + [140]
Athyrium filix-femina ND + + + [137]
Blechnum gibbum ND + ND ND [139]
Blechnum nudum ND ND ND + [135]
Blechnum occidentale ND - + + [138]
Botrychium ternatum ND ND + ND [146]
Campyloneurum brevifolium  ND  ND + ND [138]
Ceratopteris richardii ND ND + ND [103]
Ceratopteris richardii + ND ND + [92]
Ceratopteris richardii - ND ND ND [131]
Cyathea australis ND - + ND [134]
Cyathea cooperi ND ND + ND [103]
Cyathea cunninghamii ND - ND ND [131]
Cyathea lateborosa ND + + + [137]
Cyclopeltis semicordata ND ND + ND [138]
Cyrtomium falcatum ND + + + [137]
Danaea wendlandii ND - + + [138]
Davallia solida ND ND ND + [135]
Dicksonia antarctica - ND ND ND [89]
Dicksonia antarctica - ND ND + [88]
Dicranopteris linearis ND - ND ND [131]
Dicranopteris linearis ND ND - ND [146]
Diplazium striatastrum ND - + + [138]
Dryopteris carthusiana - + ND + [95]
Dryopteris filix-mas + + ND ND [95]
Equisetum hyemale ND ND - ND [103]
Equisetum hyemale ND + + + [137]
Equisetum hyemale ND ND + ND [146]
Hemionitis palmata ND + - + [138]
Hypolepis tenuifolia - ND + ND [88]
Lepisorus thunbergianus ND ND - ND [146]
Lygodium flexuosum ND - ND ND [131]
Lygodium japonicum ND + + + [137]
Lygodium microphyllum ND ND + ND [103]
Marsilea hirsuta ND - ND ND [131]
Marsilea quadrifolia ND + + + [137]
Microsorum diversifolium ND + + + [137]
Microsorum pustulatum ND ND + ND [103]
Microsorum pustulatum - ND ND ND [88]
Microsorum scolopendria ND + + ND [141]
Nephrolepis auriculata ND ND - ND [145]
Nephrolepis biserrata ND ND + ND [138]
Nephrolepis exaltata + ND ND ND [142]
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1126
1127
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1129

Nephrolepis exaltata
Nephrolepis exaltata
Nephrolepis exaltata
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Onoclea sensibilis

Ophioglossum nudicaule

Osmunda japonica
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Table S2. A directory of original studies containing images and additional details of the stomata of
early land plants.

Species Reference DOI
Aglaophyton major [1] https://doi.org/10.1111/j.1095-8339.1986.tb01020.x

2] https://doi.org/10.1016/0034-6667(95)00082-8

[3] https://doi.org/10.1093/jxb/49.Special_Issue.255
Rhynia gywnne-vaughnii  [4] https://doi.org/10.1017/50080456800008991

[5] https://doi.org/10.1017/5S0080456800004488

[6] https://doi.org/10.1016/0034-6667(80)90057-3

[1] https://doi.org/10.1111/j.1095-8339.1986.tb01020.x

[3] https://doi.org/10.1093/jxb/49.Special_Issue.255
Horneophyton ligneri [7] -

[3] https://doi.org/10.1093/jxb/49.Special_Issue.255
Nothia aphylla [8] https://doi.org/10.1016/0034-6667(79)90037-X

[9] https://doi.org/10.7312/gens11160-005

[3] https://doi.org/10.1093/jxb/49.Special_Issue.255
Asteroxylon mackiei [10] https://doi.org/10.1017/50080456800004506

[11] https://doi.org/10.7554/elLife.69447

[3] https://doi.org/10.1093/jxb/49.Special_Issue.255
Cooksonia [3] https://doi.org/10.1093/jxb/49.Special_Issue.255

[12] https://doi.org/10.1038/323438a0
Eophytes [13] https://doi.org/10.1111/nph.17703

[14] https://doi.org/10.1016/j.revpalbo.2021.104567
Electorotheca [15] https://doi.org/10.1016/B978-0-12-813012-4.00004-8
Sporogonites [3] https://doi.org/10.1093/jxb/49.Special_Issue.255

[16] https://doi.org/10.1098/rstb.1942.0001
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