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The moss calyptra: A maternal structure influencing offspring
development

Jessica M. Budke'
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ABsTrACT. The calyptra is a small, maternal gametophyte structure that covers the apex of the offspring
sporophyte and is critical for the transition from seta formation to capsule differentiation in many moss
taxa. It has been hypothesized to function by (1) providing a mechanical constraint that coordinates the
development of the presumptive capsule, (2) secreting hormones that influence sporangium
differentiation, (3) physically protecting the undifferentiated capsule region, (4) preventing water loss
from the sporophyte apex, and/or (5) lowering the rate of sporophyte transpiration. This review explores
the experiments that have tested these hypotheses and the evidence that has been found to support or
refute them from scientific literature dating back to the late 1700’s. Across mosses, calyptrae come in a
wide array of shapes and sizes, which may correlate with aspects of morphology, habitat, and function.
The overarching objective of this paper is to renew discussion about and research into this small, but
important moss organ.
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*

Maternal plants can significantly influence offspring
survival and development to reproductive maturity
(Roach & Wulff 1987). In all embryophytes, the
maternal gametophyte provides nourishment to the
sporophyte during early development (i.e., matro-
trophy; Graham & Wilcox 2000). Only in bryo-
phytes does the sporophyte remain attached to, and
nutritionally dependent upon, the maternal game-
tophyte throughout its lifespan (Ligrone et al. 1993).
Moss gametophytes not only nourish the sporo-
phyte, but they also influence sporophyte develop-
ment through the calyptra, a cap of maternal
gametophyte tissue that covers the sporophyte apex
during early development (Bopp 1961; Budke et al.
2012; French & Paolillo 1975a).

Broadly applied to plants, a number of non-
homologous hood-like structures are called calyptra
(pl. calyptrae). In flowering plants, fused sepals,
petals, and/or bracts can form the calyptra, which
cover and protect interior parts of immature flowers
(Fig. 1A from Endress 2003). Calyptra is also the
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term used for the exterior most cell layers of the root
cap of monilophytes and lycophytes (Fig. 1B from
Imaichi & Kato 1991; Bierhorst 1985). Additionally
liverworts possess a true calyptra/shoot calyptra,
both of which are composed of maternal gameto-
phyte tissues that completely surround the sporo-
phyte during early development (Crandall-Stotler et
al. 2008; Fig. 1C), whereas, hornworts lack a
calyptra. The moss calyptra is a detached cap of
tissue formed from the maternal gametophyte (Fig.
1D,E from Budke et al. 2011) and is present in some
form on all of the approximately 13,000 species of
mosses.

Research focusing on moss calyptra function has
a long history dating back to the experiments of
Kolreuter (1777); however, over the past 200 plus
years, research focusing on this structure has been
sporadic (Supplementary Table S1). Additionally,
from the time of these initial experiments to the
present, the language used for scientific publication
has shifted. Prior to World War II, mastery of
English, French and German was often a doctoral
dissertation requirement for both European and
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Figure 1. Examples of plant calyptrae. A. Calyptra covering an
immature flower of Eupomatia laurina R.Br., figure 1C reprinted with
permission from Endress (2003). B. Longitudinal section through the
apex of a Selaginella delicatula (Desv. ex Poir.) Alston rhizophore.
Thick-walled cells of the outer layers have been termed the calyptra;
figure 24 reprinted with permission from Imaichi and Kato (1991). C.
Sporophyte of the liverwort Pellia epiphylla (L.) Corda surrounded by a
shoot calyptra, which is built from tissues of the archegonium and
female gametophore and is distinguished by having unfertilized
archegonia on the outer surface; image courtesy of Dr. Paul G.
Davison. D&E. The moss Funaria hygrometrica from Budke et al. (2011)
D. Maternal gametophyte calyptra covering an immature, unexpanded
sporophyte. Arrow indicates sporophyte apex. E. Moss calyptra atop a
mature sporophyte capsule. Scales in A, C = None associated with the

images, B=50 um, D =2 mm, E=1 mm.

American scholars (Shigeru 1992). In contrast,
current scientific training is most often English-
centric, thus narrowing the abilities of researchers to
independently access early scientific literature pub-
lished in languages other than English. This shift
may explain why over the past 50 years the majority
of references to earlier moss calyptra research only
reach back to the turn of the 20th century (e.g.,
references in Chopra & Kumra 1988; Crum 2001;
French & Paolillo 1975a). This review provides a
comprehensive discussion of moss calyptra devel-
opment, morphology, function, and experimenta-
tion drawn from English, French, German, Latin
and Swedish scientific literature dating back to the
late 1700’s. The objective of this paper is to renew
discussion about and research into this small, but
important moss organ, the calyptra.

EARLY VIEWS ON THE NATURE OF THE CALYPTRA

Kolreuter (1777) was the first botanist to publish
his investigations on the role of the moss calyptra,
based on experiments from several species, including
Bryum caespiticium Hedw., Hypnum serpens Hedw.
[= Amblystegium serpens (Hedw.) Schimp.], Mnium
hygrometricum (Hedw.) With. (= Funaria hygrom-
etrica Hedw.), and Mnium punctatum Hedw. [=
Rhizomnium punctatum (Hedw.) T.J.Kop.]. K6lreuter
demonstrated that complete removal of the calyptra
typically led to malformed sporophytes that failed to
develop a capsule, whereas removal and replacement
of calyptrae onto the apex of spear-shaped sporo-
phytes typically resulted in normal capsule formation.
Kolreuter interpreted the moss sporophyte as the
female portion of the plant, which upon fertilization
formed a seed capsule, and the calyptra as the male
portion. By removing the calyptra, fertilization was
not achieved (calyptra removal = castration) and the
‘seed capsule’ did not develop.

Hedwig (1782) proposed an alternative inter-
pretation and considered the moss calyptra to be a
hood-shaped petal or corolla. This conclusion was
based on similarities in function and dehiscence
between flower petals and moss calyptra, wherein
both of these organs protect underlying tissues and
abscise after fertilization. Hedwig also argued that
the effects of calyptra removal in mosses observed by
Kolreuter (1777) were similar to his observations of
corolla/calyx removal from developing fruits in
flowering plants, thus supporting his hypothesis
that these two structures are equivalent.

With his seminal publication on the alternation
of generations, Hofmeister (1862) established that
the leafy gametophyte in mosses is the vegetative
part of the life cycle, which produces the sex organs,
whereas the moss ‘fruit’ is the product of fertiliza-
tion and is equivalent to the large, leafy plant body
in ferns. He interpreted the moss calyptra as part of
the vegetative plant that develops post-fertilization
and covers the apex of the developing embryo
(Hofmeister 1862). The maleness and fertilization
abilities attributed to the calyptra and the femaleness
of the ‘fruiting body’ proposed by Kolreuter (1777)
were soon eschewed in favor of Hofmeister’s views
(e.g., Hy 1884; Lorentz 1867).

WHEN THE TERM CALYPTRA APPLIES
The moss calyptra is established as an indepen-
dent organ upon detachment of the upper portion
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Figure 2. The moss Funaria hygrometrica with the leaves surrounding
the base of the sporophyte removed. A. Tissues of the maternal
gametophyte, epigonium, completely surround the offspring
sporophyte. B. Apical tissues of the gametophyte are detached from
the remainder of the maternal gametophyte. The calyptra covers the
sporophyte apex above and the vaginula surrounds the sporophyte base
below, exposing the sporophyte stalk in between. Scales in A = 0.5 mm,

B=1 mm.

of the gametophyte tissues that form the epigonium.
The epigonium is derived from the venter and stalk
of the fertilized archegonium, and sometimes,
additional tissues of the subtending gametophyte
(Fig. 2A). Post-detachment, the tissue surrounding
the base of the sporophyte is termed the vaginula
(Latin vagina “sheath, scabbard” + -ula, diminutive
suffix [Merriam-Webster.com 2019]; Fig. 2B), and
the cap of tissue covering the sporophyte apex is the
calyptra (Greek kalyptra = veil [Merriam-Webster.-
com 2019]; Fig. 2B). The calyptra is derived
exclusively from tissues of the epigonium, whereas
the vaginula can be formed either from the
epigonium, the archegonium stalk, the gametophyte
apex or a combination of these tissues.

Consistent definitions for these terms have not
always been applied. For example, the term
epigonium was used interchangeably with the term
calyptra by Lorch (1931). In an attempt to resolve
this confusion, Roth (1969) proposed a new term to
be used for the gametophyte tissues completely
surrounding the sporophyte, ‘Embryotheca’ (em-
bryo sac). However, this term was not adopted in
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any subsequent discussions of calyptrae or epigonia.
Alternative uses of similar terminology can make the
interpretation of historical literature challenging.
Fortunately the definitions outlined in the previous
paragraph are now standard in the bryological
literature (e.g., Magill 1990; Malcolm & Malcolm
2000) and thus these definitions will be used for the
following discussion of the epigonium, vaginula and
calyptra.

EpicoNIUM DEVELOPMENT, PRIOR TO CALYPTRA
DETACHMENT

Early statements regarding the development of
the epigonium, and thus the calyptra, include an
array of contradictory ideas. Kolreuter (1777)
proposed that the epigonium developed from the
‘inner bark substance’ (cortex), whereas the sporo-
phyte/seta arose from the ‘marrow’ (inner core) of
the leafy gametophyte stem. This description
accurately represented the layered nature of the
epigonium and sporophyte, but interprets both
structures as developing from gametophyte tissues.
Contrary to this interpretation, Schimper (1848) put
forth that the epigonium and sporophyte were
intimately connected and growing from the same
terminal cell, with the epigonium representing the
‘outer integument’ of the ‘embryo fruit’. Kolreuter
(1777) and Schimper (1848) both interpreted the
epigonium and sporophyte as developing from the
same tissue, with the former proposing a gameto-
phyte origin and the latter a sporophyte origin.
Epigonium development and its relation to the
sporophyte were later reinterpreted in light of
Hofmeister’s (1862) concept of the alternation of
generations in plants. Thereafter, moss epigonia
were defined as developing only from tissues of the
maternal gametophyte, whereas the sporophyte
develops exclusively from tissues resulting from
fertilization (Goebel 1905; Hy 1884).

Remnant cells of the archegonial neck are often
present on the epigonium apex, appearing to the
naked eye as a small, brown filament (Fig. 2), and
thus these cells do not contribute to epigonium
formation. Cells that give rise to the epigonium all
lie below the archegonial neck. Commentaries on
epigonium development range from a general
outline of the tissues involved (Goebel 1905), to
detailed descriptions based on a specific taxon (e.g.,
Orthotrichum schubartianum Ltz. [Lorentz 1867]),
to comparative studies of several taxa resulting in
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the grouping of species into different ontogenetic
types (Hy 1884; Janzen 1917; Rosander 1906). These
types differ based on the tissues contributing to the
epigonium (archegonium venter, archegonium
stalk, and/or leafy gametophyte apex below the
archegonia) and the direction of cell divisions
(basipetal only or both basipetal and acropetal).

Portions of the calyptra developmental literature
were previously summarized and analyzed by Janzen
(1917), Lorch (1931) and Roth (1969). Of these,
Roth (1969) carried out the most comprehensive
and opinionated analysis. He proposed that
Rosander’s (1906) fourteen epigonial developmental
categories could be condensed into eight, since the
differences between the types were often minor. He
also discussed the alternative perspective of Goebel
(1905), who did not define epigonium developmen-
tal categories, but instead viewed the differences
between taxa as a continuum. Roth (1969) inter-
preted Goebel’'s lack of defined categories for
epigonium development as a distinct philosophical
stance in opposition to previous concepts. However,
based on my reading of the translated work, Goebel
(1905) did not comment on or cite any previous
epigonium research and thus his statements on
epigonium development appear to be based on his
personal observations alone. The emphasis Roth
placed on describing calyptra developmental types
as a continuum, opposed to categories, was not
stressed in the earlier literature (Goebel 1905) and
appears to solely reflect his strong opinions on the
topic.

Roth (1969) also carried out original observa-
tions and analyses of epigonium development for an
array of taxa, including members of the Andreaei-
dae, Bryidae, Buxbaumiidae, Polytrichidae and
Sphagnidae. Two of the most often discussed taxa,
Andreaea and Sphagnum, have morphologically
simple calyptrae compared to other genera and are
representatives of the earliest diverging lineages of
mosses (Goffinet & Buck 2004; Liu et al. 2019). Roth
observed that the Sphagnum epigonium develops
from cells of the gametophyte stem, below the
archegonium, confirming the observations of Hy
(1884). In contrast, he questioned Hy’s (1884) and
Rosander’s (1906) interpretations that the epigo-
nium of Andreaea develops from the archegonium
venter in both acropetal and basipetal directions,
arguing instead for exclusively basipetal develop-
ment from the archegonium stalk. These conflicting

interpretations remain unresolved and warrant
additional study (Goebel 1905; Hy 1884; Rosander
1906; Roth 1969). Understanding epigonium devel-
opment in early diverging lineages of mosses may
illuminate not only calyptra evolution, but also the
unique role of the maternal calyptra in moss
sporophyte evolution.

Ericontum TO CALYPTRA TRANSITION

With the exception of Bryobartramia, which has
a persistent epigonium (Stone 1977), epigonium
development is terminated by detachment of the
calyptra above from the vaginula below. This
process occurs as an irregular rupturing during
capsule expansion in mosses with very short
sporophytes (e.g., Andreaea, Archidium, Sphagnum)
(i.e., Duckett et al. 2009; Hy 1884; Renzaglia et al.
1997). This is similar to the rupturing of fern and
liverwort sporophytes from their surrounding ga-
metophyte tissues (Campbell 1918). In the majority
of mosses, sporophyte capsules are elevated on a seta
and the calyptra dehisces along a smooth, transverse
line located around the epigonium base during an
early spear stage of sporophyte development (Goe-
bel 1905). However, there are a few species with a
poorly developed dehiscence line that results in a
jagged tearing at the base (e.g., Tetraphis; Janzen
1917). In taxa with a well-developed dehiscence line,
these cells lack chlorophyll, have thinner cell walls,
and are swollen compared to other cells of the
epigonium (e.g., Funaria; Hy 1884; Fig. 3 from
Janzen 1917). These weakened cells then give way to
mechanical forces generated by the sporophyte
growing within. On occasion these cells do not
properly detach and then the growing sporophyte
can pierce through the calyptra (True 1906). The
cellular features that facilitate moss calyptra dehis-
cence are similar to those present in abscission layers
of angiosperm leaves (Esau 1977). Detachment of
the maternal gametophyte calyptra in mosses could
potentially represent one of the earliest forms of
dehiscence to evolve in embryophytes.

Moss SPOROPHYTE DEVELOPMENT

Moss sporophytes are unbranched and physically
attached to the maternal gametophyte via the foot
throughout their lifespan. Initial development begins
with divisions of a single apical cell to produce a
spear-shaped sporophyte that is completely sur-
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Figure 3. A-C. Illustrations of the calyptra dehiscence zone in Funaria

hygrometrica, reprinted with permission from Janzen (1917; www.
schweizerbart.de/journals/nova_hedwigia). A. Epigonium with
sporophyte inside. B. Inflated base. C. Dehiscence zone where the
calyptra will detach from the vaginula.

rounded by gametophyte tissues (Fig. 4; Crum 2001).
The apical region of this small sporophyte later
differentiates into the mature sporangium. Once the
apical cell stops dividing and the presumptive capsule
(apical region) is established, a second meristematic
zone (seta meristem) initiates below the apical region,
which divides to form the seta/stalk (French &
Paolillo 1975b). The calyptra becomes detached from
the reminder of the maternal gametophyte as this seta
meristem begins to actively divide (Fig. 4). While the
foot and lower part of the seta remain within the
vaginula, both the apical region of the young
sporophyte and the seta meristem are covered by
the calyptra throughout seta development (French &
Paolillo 1975b), which may be a short or extended
period depending on the seta length of the species.
Once the seta has formed, a major developmental
transition occurs from increasing sporophyte height
via seta growth to expansion and differentiation of
the apical region, resulting in sporangium (capsule)
formation (Fig. 4). The calyptra typically falls away
once sporangium formation is complete. This
sporophyte developmental sequence is unique to
mosses and the presence of the maternal calyptra on
the sporophyte apex during these critical develop-
mental transitions may have been the initial obser-
vation stimulating research into calyptra function.

CaLypTRA FUNCTION

Removal experiments have repeatedly demon-
strated that the calyptra is critical for moss
sporophyte development (Bopp 1957; French &
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Paolillo 1975a; Herzfelder 1923; Irmscher 1912;
Kolreuter 1777; Zielinski 1910). These observations
made over a span of 200 years have stimulated a
number of questions regarding calyptra function,
with the primary ones being: How are the calyptra
and sporophyte interacting? What role/s does the
calyptra play in sporophyte development? The
proposed hypotheses are that the calyptra (1)
provides a mechanical constraint that coordinates
the development of the presumptive sporangium,
(2) secretes hormones that influence sporangium
differentiation, (3) physically protects the undiffer-
entiated sporangial region, (4) prevents water loss
from the sporophyte apex, and/or (5) lowers the rate
of sporophyte transpiration. These putative func-
tions are not mutually exclusive and the strength of
the evidence supporting these hypotheses varies.

Mechanical constraint. Following experimental
removal of the calyptra, the sporophyte apex
expands, which is a developmental reaction initially
interpreted as sporophytes undergoing a ‘despair
maturity’, striving to achieve capsule formation
quickly (Bopp 1954). However, this sporophyte
expansion often results in incomplete or a lack of
capsule formation with a small, undifferentiated
region remaining at the sporophyte apex (Fig. 5;
Bopp 1957; French & Paolillo 1975¢), which
contradicts Bopp’s (1954) earlier interpretation of
‘despair maturity’. The seta meristem often contin-
ues to divide indeterminately, producing an ex-
panded, obconic-shaped stalk that is composed of
wider, shorter, and more cells compared to the
normally cylindrical seta (Fig. 5D from French &
Paolillo 1976). In an earlier experiment by Herz-
felder (1923) she removed the calyptra, cut off its
apex, and then replaced the tube-shaped calyptra on
the sporophyte, exposing the sporophyte apex above
the cut end of the calyptra; this resulted in the
sporophyte expanding both above and below the
area covered by the calyptra (Fig. 5E, a reproduction
of this experiment with the sporophyte expanding
only above the cut calyptra). These experiments
demonstrate that the calyptra acts as a straightjacket
around the sporophyte constraining the actively
dividing seta meristem, which influences the anat-
omy in terms of the cell shape and the rates of cell
division, as well as the morphology of the sporo-
phyte. Without the constraining force of the
calyptra, the seta meristem does not produce a
cylindrical seta and is unable to properly regulate its
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Figure 4. Diagram of moss sporophyte development. Sporophyte offspring begin development completely surrounded by the maternal gametophyte

tissues. Initially the sporophyte grows by divisions of a single apical cell. Later a second meristematic region, the seta meristem, produces the seta/stalk,

which elevates the undifferentiated apical region. This region will later differentiate into the capsule/sporangium. The capsule includes cells that will

undergo meiosis to produce haploid spores, a lid/operculum that enables spore release, and below a neck/apophysis that is where stomata are located, if

present. Throughout sporophyte development the apical region and seta meristem are covered by the maternal gametophyte calyptra. The calyptra is an

integral structure for successful sporophyte development.

shape (Fig. 5). The physical presence of the calyptra
also enables the transition from sporophyte growth
via the seta meristem to differentiation of the apical
region into a mature capsule. Without the calyptra
this transition is permanently interrupted (Herz-
felder 1923; French & Paolillo 1976).

These observations indicate that the control of
sporophyte organ shape differs between mosses and
vascular plants. The epidermal-growth-control the-
ory proposes that the epidermis plays both a
mechanical and physiological role in the control of
plant organ shape (Kutschera & Niklas 2007).
However, the vast majority of experimental evidence
supporting this hypothesis is based on vascular
plants (e.g., Arabidopsis in Gruel et al. 2016; Savaldi-
Goldstein et al. 2007; and Vaseva et al. 2018;
Nicotiana in Marcotrigiano 2010). The mechanical
role includes an outer epidermal cell wall that is
generally thicker, and stiffer, than the underlying
cells and the cuticle, which can contribute to the

ability of the outer epidermal cell walls to resist
deformations (Kutschera & Niklas 2007). The
immature moss sporophyte has thin epidermal cell
walls that lack a well-developed cuticle, whereas the
outer cell layer of the calyptra often has thick cell
walls and a well-developed cuticle (Budke et al.
2012). Immature moss sporophytes without a
calyptra produce aberrant morphologies and appear
unable to control their shape (French & Paolillo
1976). The calyptra potentially represents an
alternative and external mechanical system that
controls the sporophyte shape and development in
mosses.

Removing the mechanical constraint of the
calyptra also impacts stomata development. Stomata
on bryophyte sporophytes are typically located in
the lower half or at the base of the capsule and are
oriented parallel to the axis (Fig. 4; Paton & Pearce
1957). When calyptrae are removed prior to the
formation of guard cell mother cells, the mature
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stomata are disoriented; on average they are tilted at
a 45° angle relative to the sporophyte axis, compared
to an average angle of 82° in sporophytes with
calyptrae (French & Paolillo 1975d). When calyptrae
are removed later, when guard cell mother cells are
actively dividing to produce guard cells, a majority
of the guard cell mother cells remain undivided or
produce abnormally shaped guard cells (French &
Paolillo 1975d). The influence of the calyptra on
stomata occurs late during sporophyte development
compared to the other mechanical effects, demon-
strating the influence and importance of the calyptra
across multiple stages of sporophyte development.

Physiological influences. The calyptra may also
have a physiological influence on sporophyte
development via hormone secretion. Prior to the
calyptra detaching (i.e., the epigonium stage), these
gametophyte tissues are alive, and thus have the
potential to secrete physiologically active com-
pounds. At this stage a liquid fills the space between
the sporophyte and the surrounding gametophyte
tissues (Goebel 1905; Merced & Renzaglia 2016).
This fluid is thought to contain nutritive com-
pounds that may positively influence the sporophyte
physiologically (Lorch 1931), but this hypothesis
remains untested. In some taxa, inner cell layers of
the calyptra break down, potentially releasing
additional compounds into the fluid (Janzen
1917). Even after the calyptra has detached from
the leafy gametophyte, the liquid can persist,
especially in calyptrae with an inflated base that
acts as a reservoir, as in Funaria hygrometrica (Fig.
1D; Janzen 1917; Roth 1969). Eventually the liquid
beneath the calyptra evaporates and any subsequent
physiological influences require cells of the moss
calyptra to be living to actively produce and secrete
compounds that are then transferred to the
underlying sporophyte.

The calyptra can remain alive after detachment
from the remainder of the maternal gametophyte
(Bopp 1954; Ochlkers & Bopp 1957) and thus may
have the potential to secrete physiologically active
compounds that impact sporophyte development.
However, the moss calyptra has no symplastic
connections to the underlying sporophyte tissues
and consequently any physiologically active com-
pounds must be excreted from cells of the calyptra
and taken up by the sporophyte through its
epidermal cells. Sporophytes covered with calyptrae
that were experimentally denatured via boiling in
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acetone, ethanol, and water to remove any physio-
logically active compounds resulted in normal
sporophyte development (Bopp 1957; French &
Paolillo 1975a). Attempts to chemically detect
hormones present in the calyptra also yielded
negative results (Bopp 1957). Thus any hormones
or physiologically active compounds that the
calyptra may produce have yet to be detected and
may not be required for later stages of sporophyte
development.

Despite the lack of evidence for calyptra-
produced hormones, the sporophyte is responsive
to hormonal treatments. When indole-3-acetic acid
(IAA) was externally applied to sporophytes without
calyptrae, both seta swelling and apical curling were
accelerated compared to controls where calyptrae
were removed but no additional hormones were
applied (Bopp 1957). Applying either maleic
hydrazide (a plant growth regulator) or an extract
of ground calyptrae to sporophytes that had their
calyptrae removed, resulted in individuals that
completed capsule formation normally (Bopp
1957). In these experiments it was essential that
the solution with the regulator or extract was
applied to the region of the seta meristem.
Sporophyte response to a calyptra extract contra-
dicts the other observations and experiments that
concluded the calyptra lacks any physiologically
active compounds. That being said, many of these
experiments were performed over 50 years ago and
this idea warrants additional testing.

There is no direct evidence that the calyptra is
actively secreting hormones that affect sporophyte
development. Nonetheless, the calyptra may be
influencing the internal hormonal patterns of the
moss sporophyte (French & Paolillo 1975a). The
major developmental transition that is disrupted by
calyptra removal is the shift from divisions of the
seta meristem that produces the stalk early during
development, to the differentiation of the apical
region into the capsule (Fig. 4). The transition
between these developmental stages is most likely
mediated by the plant hormone auxin. Auxin
movement within moss sporophytes is basipetal
during the early developmental stage of seta
elongation, whereas later during capsule differenti-
ation there is auxin transport both basipetally and
acropetally (Poli et al. 2003). Calyptra removal
during early development may disrupt the auxin
flow, resulting in a lack of capsule differentiation
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(Fig. 5A-D). The calyptra has been described as
coordinating sporophyte development (Bopp 1961).
Whether an exclusively mechanical constraint car-
ries out this coordination alone or a hormonal
influence is also involved remains to be determined.

Physical protection. Another function of the
moss calyptra is protection of the undifferentiated
apical region of the sporophyte. This includes
protection from biotic factors, such as browsing by
snails and slugs, physical damage caused by animals
passing by (Janzen 1917), and pathogens. More
importantly may be protection from abiotic factors,
including protection against both high and low
temperatures, excess light, and rotting due to high
humidity (Firtsch 1883; Hedwig 1782; Janzen 1917).
The protective nature of the calyptra is regularly
mentioned in the literature (e.g., Frahm 2001; Lorch
1920; Schofield & Hebant 1984); however, experi-
mental and/or ecological studies examining the role
of the calyptra in sporophyte protection are
currently lacking.

Dehydration protection. Of the protective
functions of the moss calyptra, protection from
dehydration is the most well-studied (Budke et al.
2013; Grebe 1912; Haberlandt 1886; Lorch 1920;
Zielinski 1910). Experiments examining sporophytes
of five moss species dried both with and without
calyptrae resulted in all individuals without calyp-
trae dying, whereas greater than 60% of the
individuals with calyptrae survived (Irmscher
1912). Calyptra removal experiments are typically
carried out inside chambers in order to keep
sporophyte apices without calyptrae hydrated and
to prevent death from dehydration (Bopp & Stehle
1957; Herzfelder 1923).

This dehydration protection ability was attri-
buted to a waxy cuticle covering the calyptra
(Goebel 1905; Hy 1884; Janzen 1917). In an early
experimental test, calyptrae were removed from
young sporophytes prior to seta elongation and
placed in sulfuric acid, resulting in the distal half of
the calyptra dissolving last (Janzen 1917). This
observation was used to support the hypothesis that
the calyptra, and in particular the narrow apical
rostrum, is covered by a cuticle early in development
(Janzen 1917). Acid resistance in bryophytes has
been attributed to phenolic compounds that can be
present in either the cell wall or cuticle (Kroken et
al. 1996; Kodner & Graham 2001), thus Janzen’s

observations of acid resistance cannot be definitively
attributed to only a cuticle and may indicate that the
cell walls and/or cuticle of the calyptra rostrum
contain higher levels of phenolic compounds.
Following these experiments, the advent of electron
microscopy has enabled direct observation of thin
bryophyte cuticles (Budke et al. 2011; Cook &
Graham 1998; Koch & Frahm 2007; Proctor 1979;
Sack & Paolillo 1983). Structural and developmental
studies, using electron microscopy, have demon-
strated that the calyptra cuticle of Funaria hygrom-
etrica is significantly thicker than the leafy
gametophyte cuticle (Budke et al. 2011) and the
calyptra cuticle develops precociously relative to the
sporophyte cuticle (Budke et al. 2012), with the
potential to prevent dehydration early during
sporophyte development. Chemistry analyses have
also determined that the cuticular waxes are thicker
per unit area on the calyptra compared to the rest of
the maternal gametophyte (Busta et al. 2016).
Experimental removal of the calyptra cuticle under
low humidity has been shown to negatively impact
sporophyte survival, development, and fitness,
demonstrating the importance of the calyptra cuticle
for dehydration protection (Budke et al. 2013).

Hairs on the calyptra may also aid in dehydra-
tion protection (Lorch 1920). Hairy calyptrae (e.g.,
Polytrichum), were originally equated to a thatched
roof in terms of their protective abilities (e.g.,
Firtsch 1883; Goebel 1905; Haberlandt 1886; Janzen
1917). Plant hairs can decrease water loss by
increasing light reflectance (e.g., Billings & Morris
1951; Ehleringer & Mooney 1978) and increasing
boundary layer thickness (Wuenscher 1970). Hairy
calyptrae may represent an alternative structural
adaptation helping to prevent water loss from the
sporophyte. If hairs do decrease moss sporophyte
water loss, a trade-off between structural investment
in hairs and the cuticle may be observed. Species
with hairy calyptrae may have a thinner, less
complex cuticle, whereas species with a smooth
calyptrae have a thicker, more complex cuticle.
Despite hairy calyptrae often being mentioned as
functioning to prevent water loss, no explicit
experiments have been undertaken to test this
hypothesis.

Calyptrae with an inflated base and the liquid
that fills it early in development may also function
in dehydration protection of the sporophyte apex
(e.g., Goebel 1905; Janzen 1917; Roth 1969). The
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Figure 5. Funaria hygrometrica sporophytes. A-D. Calyptra removed from sporophyte apex in a high humidity chamber. Sporophyte continues to grow
via the activity of the seta meristem with undifferentiated apical region (B) remaining at the top after calyptra removal, which never forms a mature
capsule. D. Median longitudinal section of actively growing sporophyte, after removal of maternal calyptra, figure 2 reprinted with permission from
French & Paolillo (1976). E. Calyptra experimentally removed, the apex cut off, and then the remaining calyptra lacking the apex was replaced on the
unexpanded sporophyte. Swelling above the calyptra due to the actively dividing seta meristem is shown, in contrast to swelling both above and below
the calyptra as observed by Herzfelder (1923). Scales in A, C, D, E =1 mm, B = 0.25 mm.



Author's personal copy

480 THE BRYOLOGIST 122(3): 2019

liquid beneath the inflated base can remain long
after the calyptra has detached from the remainder
of the maternal gametophyte (Merced & Renzaglia
2016) and thus may aid in decreasing water loss
from the moss sporophyte apex. When exposed to a
dehydration event this liquid evaporates first (pers.
obs.), providing a buffer for the sporophyte apex
and delaying its exposure to dehydration. The
reservoir of liquid in the calyptra inflated base
may play an important role in preventing dehydra-
tion of the sporophyte apex early during develop-
ment.

Mucilage secreted by axillary hairs in mosses
helps prevent young, expanding leaves from drying
(Ligrone 1986). Additionally the apical cells of
hornwort gametophytes are covered by a desicca-
tion-retardant mucilage that is secreted by the
epidermal cells (Renzaglia et al. 2008). Though the
composition of the liquid beneath the calyptra has
yet to be determined, the fact that they easily slide
off the sporophyte apex in high humidity but are
difficult to remove from the sporophyte apex at low
humidity (pers. obs.; Herzfelder 1921) is suggestive
of a pectin-rich gel. Pectin-rich gels in plants are
known to have strong solidifying properties when
dry, whereas when hydrated they allow cells to easily
glide past each other (BeMiller 1986). The liquid
beneath the calyptra may thus function to attach the
calyptra more firmly to the sporophyte apex during
stressful low humidity events, contributing to the
dehydration protection abilities of the calyptra.

Decreasing sporophyte transpiration. An addi-
tional interpretation for the prevention of water loss
from the sporophyte apex by the calyptra involves
lowering the rate of sporophyte transpiration, which
can potentially decrease the resources extracted
from the maternal gametophyte by the sporophyte
offspring. In this parent-offspring conflict, maternal
gametophytes are predicted to possess adaptations
for regulating resource transfer to sporophytes,
whereas the sporophytes are predicted to consume
or attempt to consume resources beyond the point
that is optimal for maternal fitness (Haig 2012). The
gametophyte calyptra has been shown to decrease
water transport rates in the sporophyte via an
experiment where a dye solution ascended sporo-
phytes without calyptrae 1.3X faster compared to
control sporophytes with their calyptrae in place
(Bopp & Stehle 1957).

The sporophytes in many moss lineages form
stomata at the sterile base of the sporangium and
these structures may also play a role in transpiration
(Fig. 4; Merced & Renzaglia 2017). However, the
stomata develop beneath the calyptra and are most
likely unable to function in transpiration until the
calyptra has fallen away. Similarly, the pseudosto-
mata in Sphagnum are covered by the epigonium
throughout sporophyte ontogeny, blocking their
potential for functioning in gas exchange (Duckett
& Ligrone 2004). They are not exposed to the
surrounding environment until the pseudopodium
fully elongates and the capsule begins to dry out,
which is when the thin epigonium ruptures and
withers away (Duckett et al. 2009; Schimper 1858).
Thus the functionality of the Sphagnum pseudosto-
mata in either transpiration or capsule dehiscence is
blocked prior to the epigonium and calyptra falling
away.

DEevVELOPMENTAL TIMING

The functional importance of the calyptra is not
static across sporophyte development, but has been
shown to vary depending on the developmental
stage. During early sporophyte development of
Funaria hygrometrica, calyptra removal results in
sporophytes that continue to grow via the seta
meristem, but they rarely (approximately 10%)
produce a mature capsule (Fig. 5A-D; Bopp 1954;
French & Paolillo 1975a). Later in development,
sporophytes without a calyptra are more likely to
form a capsule (>27%; French & Paolillo 1975a). As
sporophytes approach maturity, calyptra removal
results in sporophytes that stop their growth in
height and transition to capsule expansion two days
earlier than individuals that retained their calyptra
(French & Paolillo 1975a). This early transition to
capsule differentiation was also accompanied by a
40% increase in dry weight of the mature capsules
compared to the controls (French & Paolillo 1975a).
Capsule weight correlates with the number of spores
per capsule and thus can be used as a measure of
sporophyte fitness (Budke et al. 2013). This
indicates a tradeoff in resource allocation between
increasing in height versus producing a larger
capsule containing more spores. These observations
in Funaria hygrometrica contrast sharply with
observations of mosses in the genus Mnium, where
capsules are formed at significantly higher rates
independent of the calyptra. When the calyptra was
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removed from M. punctatum sporophytes capsules
were always formed, independent of developmental
stage (Kolreuter 1777), whereas in M. cuspidatum
Hedw. [= Plagiomnium cuspidatum (Hedw.)
T.J.Kop.] up to 30% of the sporophytes in an
experiment continued to elongate and produced
capsules. Thus some moss species may be more
dependent on the calyptra for coordination of
sporophyte growth and successful capsule produc-
tion than others.

Sporophyte susceptibility to desiccation also
varies depending on the developmental stage. Early
during sporophyte development, calyptra removal
under low humidity results in sporophyte death.
Thus, calyptra removal experiments on young
sporophytes are carried out under high humidity
conditions (e.g., Bopp & Stehle 1957; Herzfelder
1923). Later in development, sporophytes are able to
survive without calyptrae at lower humidity levels
(Dalmer 1891). This transition from susceptible to
desiccation resistant is most likely due to the
development of a thicker sporophyte cuticle later
in development (Budke et al. 2012), a hypothesis for
cuticle development proposed close to 100 years
prior (Watson 1914). Moss sporophyte development
is a dynamic process that must be thoughtfully
considered when examining the functional impor-
tance of the calyptra.

The sporophyte and its dependence on the
calyptra transitions as the sporophyte develops,
whereas the influential abilities of the calyptra
develop early and are relatively static across
sporophyte development. Originally, Schimper
(1848) hypothesized that the calyptra remains alive
and continues to grow late into sporophyte
development. However, the calyptra of Funaria
hygrometrica achieves its mature size and shape
early in development and upon detachment from
the remainder of the leafy gametophyte it does not
grow further (Budke et al. 2012). Calyptrae also
develop a relatively thick cuticle early in develop-
ment that is maintained, but not elaborated during
sporophyte development (Budke et al. 2012). In
contrast, one observation of calyptra growth post-
detachment was in the moss Campylopus, where
hairs on the bottom edge of the calyptra were
observed growing after detachment from the leafy
gametophyte (Hy 1884). With the exception of
growing hairs in this genus, the overall size and
shape of the calyptra appears to be established early
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during development and does not change following
dehiscence, though few species have been analyzed
in depth.

The moss calyptra can remain alive post-
detachment from the leafy gametophyte, at least in
laboratory settings (Bopp 1954; Budke et al. 2012;
Meyer 1942; Wynne & Budke 2012). These studies
have either observed live calyptra cells using
microscopy (Bopp 1954; Budke et al. 2012) or
protonema production from the cut edge of a
wounded calyptra (Meyer 1942) or the lower edge of
an entire calyptra (Wynne & Budke 2012). These
observations point toward the potential for the moss
calyptra to function as a dispersal unit; calyptrae are
relatively small, ultimately fall away from the
sporophyte apex, and have the ability to produce
protonema. The length of time the calyptra remains
alive may vary depending on the stresses experi-
enced during its lifespan and by the species
examined. Observations of live calyptra cells and
experiments testing protonema production have yet
to be carried out for species growing in the wild and
would be an important test to determine the
capacity for calyptrae to function as a dispersal unit
in nature.

Apogamous moss sporophytes are a unique case
wherein sporophyte development occurs completely
independently of the calyptra. Sporophytes formed
via apogamy develop directly from the vegetative
tissues of a diploid or polyploid leafy gametophyte
without fertilization (Springer 1935). Their devel-
opment is initiated on the surface of the gameto-
phyte body, rather than within the archegonium,
thus they lack an epigonium and the ability to form
a calyptra. Apogamous sporophytes of some species
can produce viable spores, despite lacking a calyptra
(literature reviewed in Cvetic et al. 2005). However,
other species that develop apogamous sporophytes
never undergo sporogenesis. To test whether
calyptra presence could stimulate sporogenesis,
Hughes (1969) experimentally applied calyptrae
from sporophytes produced via fertilization to
apogamously produced sporophytes of Phascum
cuspidatum Hedw. In this species, apogamous
sporophytes were not responsive to calyptra pres-
ence and sporogenesis was not induced (Hughes
1969). Comparing apogamous sporophytes to
sporophytes produced by fertilization may provide
insights into the developmental role of the calyptra;
however, the ploidy level differences between these
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Figure 6. Calyptra morphological diversity. A. Encalypta texana Magill. B. Ptychomitrium gardneri Lesq. C. Bruchia bolanderi Lesq. D. Callicostella
pallida (Hornsch.) Angstr. E. Physcomitrella patens (Hedw.) Bruch & Schimp. F. Campylostelium saxicola (F.Weber & D.Mohr) Bruch & Schimp. G.
Bruchia ravenelii Wilson ex Sull. H. Pterygoneurum kozlovii Laz. 1. Lorentziella imbricata (Mitt.) Broth. J. Brachydontium olympicum (E.Britton)

T.T.McIntosh & J.R.Spence. K. Ephemerum crassinervium (Schwégr.) Hampe. L. Didymodon bistratosus Hébr. & R.B.Pierrot M. Trematodon ambiguus

(Hedw.) Hornsch. N. Tetraplodon mnioides (Hedw.) Bruch & Schimp. O. Bartramiopsis lescurii (James) Kindb. P. Weissia muhlenbergiana (Sw.)
W.D.Reese & B.A.E.Lemmon. Q. Meiotrichum lyallii (Mitt.) G.L.Merr. R. Polytrichum hyperboreum R.Br. S. Pogonatum urnigerum (Hedw.) P.Beauv. T.
Orthotrichum laevigatum J.E.Zetterst. U. Orthotrichum lyellii Hook. & Taylor. V. Homalotheciella subcapillata (Hedw.) Broth. A-C, F, H-M, O, P-S.
lustrations reprinted with permission from Flora of North American Editorial Committee (2007). E&G. Illustrations reprinted with permission from
Crum and Anderson (1981). D, G, N, T-V. Illustrations reprinted with permission from Flora of North American Editorial Committee (2014).

two types of sporophytes could potentially con-
found the interpretations.

MORPHOLOGICAL AND ANATOMICAL VARIATION
Functional explorations of moss calyptrae have
focused on few taxa (i.e., Funaria and Polytrichum),
which represent a small range of the morphological
and anatomical diversity in calyptrae observed

across mosses (Janzen 1917). Calyptrae come in a
wide range of sizes from very small (e.g., 200-300
pm in Ephemerum and Physcomitrella; Flora of
North American Editorial Committee 2007; Fig. 6),
to quite large (e.g., 4-10 mm in Encalypta; Flora of
North American Editorial Committee 2007; Fig. 6).
They also vary in shape, ranging from an awl-
shaped, narrow tube to cone-shaped to bell-shaped,
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Pyramidula tetragona
Micromitrium tenerum

Figure 7. Moss sporophytes that retain their calyptra at maturity. A&B. The calyptra remains attached via a clasping base A. Timmia megapolitana

Hedw. B. Leucodon julaceus (Hedw.) Sull. illustration reprinted with permission from Flora of North American Editorial Committee (2014). C.

Calymperes nicaraguense Renauld & Cardot lacks peristome teeth to control spore release. Illustration modified from Reese (1961). The calyptra grips the

operculum and under dry conditions lifts it away from the mouth of the capsule, releasing the spores. D. Pyramidula tetragona (Brid.) Brid. has a

relatively large calyptra that covers the entire capsule at maturity. E. Micromitrium tenerum (Bruch & Schimp.) Crosby has a very small calyptra that

remains atop the capsule apex at maturity. A, D & E. Illustrations reprinted with permission from Flora of North American Editorial Committee (2007).

or having two main regions, a narrow rostrum at the
apex and an inflated base below that may be
constricted at the bottom around the seta (Fig. 6).
Calyptrae can also be hairy throughout, fringed at
the bottom edge, toothed, papillose, plicate, or
smooth (Fig. 6). Some calyptrae can even be covered
in unfertilized archegonia (i.e., Fontinalis; Glime
1983). Calyptrae can be either persistent, remaining
atop the sporophyte at capsule maturity (e.g.,
Pyramidula), deciduous, falling off just prior to or
at maturity (e.g., Funaria), or ephemeral, falling off
long before capsule maturity (e.g., Andreaea).
Calyptra morphological variation may indicate
differences in calyptra function across taxa, with
species having small, ephemeral calyptrae lacking a
significant role in sporophyte development; howev-
er, this hypothesis remains untested.

In the vast majority of moss taxa, calyptrae are
ultimately lost from the sporophyte apex prior to
spore dispersal. The manner in which they come off
the apex varies based on both the calyptra and
sporophyte morphologies. Calyptrae can be either
cucullate (hood-like), with a single vertical slit up
the side (Fig. 6L-P) or mitrate (cap-like), with or

without multiple slits (Fig. 6A-K). These slits are a
secondary modification of the calyptrae that occurs
during capsule expansion and inclination. Pre-
formed slits or weakened regions in the calyptra
have not been observed. The number of slits per
calyptra and thus the categorization as either
cucullate or mitrate is dependent on and thus
potentially correlated with sporophyte capsule
shape.

Several moss species are an exception to this rule
and retain their calyptrae at maturity. In the genera
Leucodon and Timmia, the calyptra remains attached
via a clasping base just below the sporophyte capsule
with the expanding capsule emerging through a slit
in the side of the calyptra (Fig. 7A,B). In the genus
Calymperes, which lacks peristome teeth to control
spore release, the apex of the calyptra grips the
operculum by its rostrum and under dry conditions
lifts the operculum away from the mouth of the
capsule, allowing the spores to escape through
openings in the calyptra, whereas when the sporo-
phyte is wet, the operculum seals the capsule and the
calyptra openings close (Fig. 7C modified from
Reese 1961). Pyramidula tetragona and members of
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the Encalyptaceae also have relatively large and
persistent calyptrae that cover the entire capsule at
maturity (Fig. 7D). Spore dispersal occurs through
the longitudinal slits that run the length of the
clasping base in Pyramidula and in the Encalypta-
ceae, since the calyptra lack any slits, spores must
escape via the space between the capsule and base of
the calyptra. Members of the genus Micromitrium
also have a persistent calyptra that is minute,
consisting of merely the archegonial neck and distal
portion of the venter, which adheres to the capsule
apex and does not impact spore dispersal (Fig. 7E).

The internal anatomy of the calyptra is highly
variable and differences between taxa may be
functionally significant. In transverse section, calyp-
trae can be either heterogeneous, with thick walled
cells composing the outermost layer/s and thinner
walled cells composing the inner layer/s, or
homogeneous with uniform cell wall thicknesses
across all layers (Figs. 8&9; Janzen 1917). The cell
walls of the exterior-most cell layer of the calyptra
can also vary in thickness. When this occurs,
typically the outer periclinal cell walls are thickest
with the anticlinal and inner periclinal cell walls
being thinner (e.g., Orthotrichum and Racomitrium
in Janzen 1917; Funaria in Budke et al. 2011). Thick
calyptra cell walls may be functionally important for
increasing the protective abilities of the calyptra or
its ability to mechanically coordinate sporophyte
development.

Cell wall thickness can also vary across the
length of the calyptra. Calyptra cells typically have
thicker walls toward the distal apex and thinner
walls toward the proximal end (Janzen 1917; Roth
1969). In Funaria hygrometrica the cells with the
thickest walls are located at the calyptra apex,
including cells of the archegonium neck and those
immediately below (pers. obs.). The transition from
thick to thin walled cells may occur continuously
along the longitudinal length of the calyptra (e.g.,
Leucobryum glaucum and Timmia megapolitana, Fig.
8D,F; Janzen 1917) or as an abrupt transition with
distinctly different cell types occurring in morpho-
logically distinct regions, such as between the
rostrum and inflated base in F. hygrometrica
(Encalypta ciliata and Funaria hygrometrica, Fig.
8G,H; Janzen 1917).

Opverall calyptra thickness is not only influenced
by the thickness of the cell walls, but also by the
number of cell layers that compose the calyptra. The

number of calyptra cell layers can vary both between
different regions of the calyptra and across taxa.
Calyptra are most commonly multiple cell layers
thick toward the apex with the number of layers
decreasing toward the base (Janzen 1917; Roth
1969). Calyptra are typically 1-3 cell layers thick
(Figs. 8&9; Janzen 1917), but can be up to a dozen
cell layers thick, as has been noted in Dicnemon,
(Crum 2001). Differences in calyptra thickness may
have functional significance related to the mechan-
ical constraint the calyptra can provide to the
sporophyte in early development.

Plicate calyptrae are present in several moss
lineages and morphologically can appear quite
similar; however, these calyptrae can be built by
different mechanisms. In the upper region of the
calyptrae in Brachysteleum, Orthotrichum, and
Tetraphis, variation in the number of cell layers that
comprise the calyptra around the circumference can
create the plications in these taxa (Fig. 9A,B,E).
Whereas in the lower region of the calyptra in
Coscinodon and Funaria the calyptra has a uniform
number of cell layers around the circumference and
the plications are the result of a physical folding of
the loose/inflated parts of the calyptra (Figs. 8H,
9C).

THE CALYPTRA AS A SYSTEMATIC CHARACTER

In the seemingly morphologically austere moss-
es (Medina et al. 2012), calyptra morphology has
been used as a source of systematic characters.
Janzen (1917) created a key to 73 moss genera from
an array of families using only features of the
calyptra. Due to the choice of taxa this key resulted
in seemingly little homoplasy across the species,
with many taxa having unique calyptra morpholo-
gies that were not repeated across the dataset. When
calyptra characters are considered more broadly
across the 13,000 species of mosses, many character
states appear homoplasious. For example, an array
of distantly related genera have hairy calyptrae (i.e.,
Ctenidium, Homalothecium, Orthotrichum, Polytri-
chum), and thus their hairy calyptrae are not likely
to have been inherited from a common ancestor and
are more likely the result of convergent evolution.

That being said, calyptra morphology can be a
useful synapomorphy for distinguishing taxa. The
level of calyptra hairiness can be helpful for
distinguishing species in the Orthotrichaceae (Me-
dina et al. 2012) and calyptra size/shape has been
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Figure 8. Calyptra morphology and anatomy illustrations reprinted with permission from Janzen (1917; www.schweizerbart.de/journals/nova_
hedwigia). Calyptra morphologies are illustrated on the far left of each panel. Drawings of transverse anatomical sections through the top, middle, and/
or bottom regions of mature calyptra are to the right. Illustrations displaying further magnification of the cell anatomy are indicated with arrows. A.
Pleuridium alternifolium (Dicks. ex Hedw.) Brid. B. Conomitrium julianum (Savi ex DC.) Mont. C. Racomitrium canescens (Hedw.) Brid. D. Leucobryum

glaucum (Hedw.) Angstr. E. Dicranum spurium Hedw. F. Timmia megapolitana Hedw. G. Encalypta ciliata Hedw. H. Funaria hygrometrica.
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Figure 9. Calyptra morphology and anatomy illustrations reprinted with permission from Janzen (1917; www.schweizerbart.de/journals/nova_
hedwigia). Calyptra morphologies are illustrated on the far left of each panel. Drawings of transverse anatomical sections through the top, middle, and/
or bottom regions of mature calyptra are to the right. Illustrations displaying further magnification of the cell anatomy are indicated with arrows. A.
Brachysteleum polyphyllum (Sw.) Hornsch. B. Orthotrichum diaphanum Brid. C. Coscinodon cribrosus (Hedw.) Spruce. D. Polytrichum piliferum Hedw. E.
Tetraphis pellucida Hedw.
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used to define genera in the Funariaceae (Fife 1985;
Liu et al. 2012). As with many morphological
features, the amount of homoplasy and utility of the
characters for systematics is often rank dependent.
Within species, calyptra shape is relatively uniform;
species-level variation typically includes variation in
calyptra length, hairiness and papillosity (Schimper
1848; Schofield & Hébant 1984). Overall the species-
level variation reported for calyptrae appears to be
smaller than the variation observed at the genus or
family levels (Crum & Anderson 1981). Examining
calyptrae in a broad phylogenetic comparative
context will enable us to explore the patterns of
calyptra evolution, their usefulness as a systematic
character, and their potential correlations with other
morphological features of the gametophyte and
sporophyte (Schofield 1981; Vitt 1981).

EcOLOGICAL ADAPTATIONS OF THE CALYPTRA

Calyptrae with different morphologies and/or
anatomies may be correlated with the environment
or habitat where those species live. This relationship
was proposed by Schofield (1981) based on the
calyptra morphological and anatomical categories
defined by Janzen (1917). Schofield discussed the
potential relationship between hairy/bristly calyptrae
and their role in protection, as well as a potential
connection between species with minute calyptrae
and wet sites. In contrast, species with large
calyptrae have been proposed to correspond with
xerophytic taxa due to the increased protection
offered by these larger calyptrae (Vitt 1981). Despite
these intellectually engaging discussions of the
potential relationships between calyptra morpholo-
gy and habitat, as well as Schofield’s (1981)
statement that “...there appear to be no features
of habitat that correlate with any specific calyptra
morphology,” these ideas have yet to be tested.
Large datasets and phylogenetic comparative meth-
ods, as used by Rose et al. (2016) and Coudert et al.
(2017), will enable us to explicitly test relationships
between calyptra morphology and ecology.

CALYPTRA EVOLUTION — EVOLUTIONARY SIGNIFICANCE
The evolution and elaboration of the moss
calyptra may have enabled the seta elongation phase
to be extended and capsule differentiation delayed.
Calyptrae are present in all of the approximately
13,000 species of mosses. In the earliest diverging
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moss lineages, calyptrae are relatively simple; they
are either very thin, enveloping the entire capsule
until it bursts through at maturity (i.e., Andreaea,
Sphagnum) or small, only covering the very apex of
the capsule (i.e., Takakia). Sporophytes of both
Andreaea and Sphagnum lack a seta/stalk and the
entire sporophyte is elevated via a pseudopodium, a
stalk of maternal gametophyte tissue. This elevation
via a maternal stalk enables the fully enclosing
epigonium to remain intact until late in develop-
ment, delaying the exposure to dehydration stresses
from beneath the maternal tissues until the
sporophyte is mature. In Takakia, the influence of
the calyptra on sporophyte development is assumed
to be minimal (Murray 1988; Renzaglia et al. 1997),
though calyptra removal experiments have yet to be
undertaken.

Beyond these early diverging lineages, the vast
majority of mosses have a tall sporophyte with a
capsule elevated on a seta topped by a comparatively
large calyptra. Larger calyptrae have the potential for
a superior capacity to protect both the immature
apical region and the seta meristem from desicca-
tion. Even a small increase in capsule height that
elevates these immature regions above the laminar
boundary layer can expose these plants to increased
stresses (Proctor 1980, 1982; Rice et al. 2001; Rice &
Schneider 2004). At the same time increases in
sporophyte height also have the potential to increase
spore dispersal distance. Thus the calyptra may have
been a key innovation enabling the evolution of
taller sporophyte setae as well as the evolution of
complex structures such as the peristome teeth.

That being said, large calyptrae are not a
consistent feature across mosses and many species
have undergone evolutionary reductions resulting in
the loss of features (Medina et al. 2018). Reductions
in calyptra size, potentially from ancestors with large
calyptrae, appears to correlate with reductions in
seta length in some lineages (Vitt 1981), which
would decrease dehydration stresses, by nestling the
sporophyte within the protection of the surrounding
perichaetial leaves and placing the developing
capsule within the protective boundary layer of the
substrate.

Thus far, no studies have examined the
morphological evolution of the calyptra across moss
diversity. With the resolution of the backbone
phylogeny of mosses and the relationships between
many of the major lineages solidified (e.g., Goffinet
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& Buck 2004; Liu et al. 2019), the time is ripe to
examine calyptra character evolution using phylo-
genetic comparative methods (e.g., Coudert et al.
2017; Rose et al. 2016).

CONCLUSIONS

The moss calyptra is a small and relatively thin
organ. Despite its size, the calyptra is not a vestigial
structure, but is a specialized organ that has been
elaborated morphologically in many moss taxa.
Based on observations and experiments over the last
250 years, the calyptra has been found to be critical
for moss sporophyte development, especially during
the early developmental stages of seta formation
prior to capsule differentiation. The calyptra influ-
ences sporophyte development by both coordinating
and providing desiccation protection during early
sporophyte development. It is particularly critical
for the developmental transition from seta forma-
tion to apical region differentiation (French &
Paolillo 1975¢) and thus has a major influence on
sporophyte reproductive fitness.

These developmental observations point to the
influence of the calyptra on both the underlying
hormone and gene expression patterns of the
sporophyte. Molecular genetic tools have been
established in the model organism moss Physcomi-
trella patens that can be used to examine hormone
and gene expression patterns (e.g., Fujita et al. 2008;
Quatrano et al. 2007; Sakakibara et al. 2013).
Unfortunately, calyptra manipulation experiments
during the early, spear-shaped stages of sporophyte
development are not possible in P. patens. At this
early developmental stage the sporophyte foot is not
firmly attached to the maternal gametophyte and
attempts at calyptra removal result in detachment of
the sporophyte from the leafy gametophyte (pers.
obs.). Even if these manipulations could be
performed, P. patens has a very short seta and thus
the length of developmental time devoted to seta
formation is reduced relative to the development of
the entire sporophyte. In order to study the
underlying effects on sporophyte development, a
taxon with a larger sporophyte and longer seta, such
as Funaria hygrometrica, must be used. With the
advent of new molecular genetic tools, such as
CRISPR, which has been successfully applied to a
small number of mosses [i.e., P. patens, Collonnier
et al. 2017a,b, Lopez-Obando et al. 2016; Mara et al.
2019; Nomura et al. 2016; Yi et al. 2019; Scopelophila

cataractae, Nomura et al. 2016] the time is ripe for
novel explorations of the genetic mechanisms
underlying the interactions between the maternal
gametophyte calyptra and offspring sporophyte in
mosses.
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