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Microscopic and submicroscopic exploration
of diplolepideae peristome structures
in hygroscopic movement

Yanzhi Wu', Qimei Wu?, Zhaohui Zhang? and Zhihui Wang'"

Abstract

Background The Diplolepideae are the larger group within the Arthrodontae mosses, characterized by peristomes
formed from residual cell walls. It is now understood that these peristomes exhibit diverse hygroscopic movements,
playing a crucial role in spore release. However, the exact mechanism behind this movement remains unclear, lacking
direct evidence. This study investigated the microscopic and submicroscopic structures of the peristomes in three
Diplolepideae species: Hypopterygium fauriei (Besch.), Pylaisia levieri (Mill. Hal.) Arikawa and Regmatodon declinatus
(Hook.) Brid. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to reveal
the differences in their hygroscopic movement mechanisms.

Results The three species exhibited distinct responses upon wetting: H. fauriei's exostome closed inwards, P levieri'
opened outwards, and R. declinatus’ elongated significantly. These differences are attributed to the varying microfibril
deposition in the exostome layers. Uniform deposition in the inner layer and minimal deposition in the outer

layer enabled exostome opening upon wetting and closing when dry. Our findings suggest that the diastole and
contraction of fine microfibrils in the exostome plates and ridges are the key drivers of hygroscopic movement.

Conclusions This study provides further evidence at both the structural and submicroscopic levels, contributing to
the unraveling of the hygroscopic movement mechanism in Diplolepideae peristomes. This enhanced understanding
sheds light on the relationship between peristome structure and function.
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Introduction

Hedwig first reported on peristomes in the eighteenth

century [1]. Peristomes, vital structures located at the

top of moss capsules, are classified into two types based

on their development: nematodontae and arthrodontae

[2, 3]. Nematodontae peristomes develop from multiple
*Correspondence: layers of intact cells, while arthrodontae form through
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both endostomes and exostomes. The exostomes consist
of structures like plates, middle and transverse raphes on
their lateral aspect, and medial structures such as trans-
verse and longitudinal lamellae. Endostomes, on the
other hand, are simpler in structure, containing compo-
nents like tubercles and tresis [6—8]. This difference in
complexity likely arises from the uneven deposition of
fibers in the exostomes compared to the lesser deposition
in the endostomes [3, 9]. The primary components of the
diplolepideae peristome structure are cellulose and pec-
tin. Notably, the type and content of these components
vary depending on both the cell type and the stage of
development of the moss plant [10, 11].

Currently reported, such as the genus Timmia exhibit
hygroscopic movement. This movement involves a
downward pressurization of the middle and upper por-
tions of the capsule teeth. The apical (tip) region curves
inwards, skimming along the dome-shaped endostomes.
Ultimately, the exostome tips join pairwise, forming
eight triangular points. These points possess broad and
obtuse apices, rendering them incapable of penetrating
between the endostomes [12]. In contrast, the transi-
tion from wet to dry state in Brachytheciaceae is charac-
terized by a rapid outward oscillation of the outer teeth
[8]. The movement of Brachythecium velutinum Schimp.
peristomes is similar to that of Timmia megapolitana
but differs during drying. In this respect, the exostomes
open briefly in the middle of the teeth’s upper part before
extending inside the endostomes [13]. Besides, the exo-
stomes of Bryocrumia vivicolor Buck. are inwardly
curved when dry [14]. The tips of Funaria hygrometrica
peristome exostomes curve inwards during hygroscopic
movement, passing through the interstices between
the endostomes. Conversely, they curve outwards dur-
ing drying. The denticles on the dorsal side of the exo-
stomes may temporarily adhere to spores [8]. In Bryum,
the exostomes are bent downwards when dry, with their
tips inserted into the gaps between the endostomes [15].
A well-developed bilayer structure in capsule teeth could
assist in hindering spore release. This is supported by
the observation that some moss peristomes, like Tero-
phyllium nemorosum, break all their bilayer teeth after
undergoing repeated (10-20 times) hygroscopic cycles
[16]. Notably, there is scarce information on hygroscopic

Table 1 Summary of study species
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movement of peristomes in the open state, during both
wet and intermediate conditions [17].

Currently, direct evidence for the mechanism of peri-
stome movement in Diplolepideae remains elusive. The
factors driving the variability in their movement direc-
tionality and swelling at different sites are unclear. The
variability in curvature direction, site, and sensitivity
across different peristomes remains a topic of debate.
While Steinbrinck attributed the movement to capsule
expansion and structural arrangement [17], Schnepf et al.
demonstrated that the motion of the exostomes of moss
is driven by different expansion rates of the outer layers
(“plates”) and inner layers (“ridges”), and suggested that
the diversity is caused by two substances, suberin-like
substances and wax-lamellae [18]. Steinbrinck proposed
that the accumulation of solid particles within the capsule
caused its volume to increase during water absorption,
triggering hygroscopic movement. He further attributed
the differences in movement between different peristome
parts to their structural arrangement [17]. It has been
suggested that the movement of exostomes, the outer
layer of the peristome, might be related to the thicken-
ing of specialized walls within the structure. Additionally,
the presence of hydrophobic materials on the exostome
surface was proposed to completely seal it, restricting
water flow and delaying expansion and contraction, thus
impacting the movement [5, 18]. In addition, some have
shown that the bending movement of the exostomes was
mainly driven by the outer layer of the outer tooth, or by
the change of the microfibril orientation [13, 19, 20].

A key challenge in understanding moss peristome
movement is the lack of direct evidence for the under-
lying cause of their directional and variable expansion
at different sites. We hypothesize that this variability is
linked to the specific structural features and internal fiber
arrangements within the peristome. To investigate this,
we selected three distinct types of exostome hygroscopic
movement with significantly different capsule tooth mor-
phologies: Hypopterygium fauriei, Pylaisia levieri, and
Regmatodon declinatus (See Table 1 for abbreviations of
relevant terms). Through scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)
observations and analyses, this study aimed to reveal
the microscopic and submicroscopic structural features
of the peristomes associated with these three distinct

Family Species Location sites Habitat
Hypopterygiaceae  Hypopterygium fauriei (Besch.)  Karst Sinkhole in Kaiyang, Guizhou province, China; E107°00"12”, Growing on wet
N27°05'03" rocks, 1058 +3 m.
Hypnaceae Pylaisia levieri Karst Sinkhole in Kaiyang, Guizhou province, China; E106°50'70", Growing on exposed
(Mall. Hal) N27°08'20" trunks, 1065 +3 m.
Leskeaceae Regmatodon declinatus (Hook.) ~ Xinyuan, Maojian Town, Duyun City, Guizhou Province, China ; Growing on exposed

Brid. E107°26'85", N26°14'41"

trunks, 1133 +£2.5 m.
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hygroscopic movement types. Ultimately, this work con-
tributes to a deeper understanding of how peristomes
respond to environmental changes.

Materials and methods

Research species

We chose three mosses, Hypopterygium fauriei [21],
Pylaisia levieri [22] and Regmatodon declinatus [21], as
our study material, and their capsule morphology dif-
fered significantly (Table 1).

Optical microscope observation

To study the detailed structure of the capsules, morpho-
logical intact capsules were selected from dried capsules.
The sporangia were carefully air-dried at room tem-
perature for 24 h to preserve their delicate structures.
An OLYMPUS CX41 microscope combined with Image
View software was used to obtain the capsule images.
After the dry state capsule picture was obtained, it was
submerged in water and humidified for 20 min. Finally,
the excess water was wiped off and pictures were cap-
tured again. This observation process was repeated for a
total of three spore capsules.

Scanning electron microscopy (SEM, Servicebio, Wuhan,
China)

Freshly collected (n=10) capsules were first placed in
10 ml PE centrifuge tubes containing 70% ethanol FAA
fixative for preservation and transport at 4 °C. Upon
arrival at the lab, they underwent a series of treatments
for SEM analysis: (1) fixation with 1% OsO, for 1-2 h at
room temperature, (2) dehydration through increasing
concentrations of ethanol and isoamyl acetate, (3) drying
with a Critical Point Dryer (Quorum K850), (4) conduc-
tive metal coating by attaching them to stubs and sput-
ter-coating with gold for 30 s, and finally, (5) observation
and imaging using a Hitachi SU8100 scanning electron
microscope.

Transmission electron microscopy (TEM, Servicebio,
Wuhan, China)

Fresh spore capsules (n=10) collected in the field were
immediately preserved and transported in 0.5 ml PE
centrifuge tubes containing 2.5% glutaraldehyde fixative
(pH 7.0-7.5) at 4 °C. Upon arrival at the laboratory, the
samples underwent the following processing steps: (1)
Fixation with 1% OsO, for 7 h at room temperature; (2)
Dehydration through a graded series of ethanol solutions;
(3) Resin infiltration with EMBed 812 at increasing con-
centrations and incubation at 37 °C; (4) Polymerization of
the resin blocks containing capsules in a 65 °C oven for
over 48 h; (5) Ultra-thin sectioning of the resin blocks at
60—80 nm using a Leica UC7 ultramicrotome, followed
by retrieval of the sections onto 150 mesh copper grids
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coated with formvar film; (6) Staining with 2% uranyl
acetate solution for 8 min and 2.6% lead citrate solu-
tion for 8 min (both avoiding light and CO, exposure),
followed by rinsing with ethanol and ultrapure water;
and (7) Observation and image capture using a Hitachi
HT7800 transmission electron microscope.

Results

Hygroscopic movement of three mosses

Upon exposure to humidity, the three moss species
exhibited distinct peristome movements. In H. fau-
riei, the middle parts of the exostomes closed inwards,
while the endostomes remained unchanged (Fig. 1a, b).
P levieri displayed outward opening of the exostomes
and remained open endostomes (Fig. 1c, d). R. declina-
tus, however, presented a unique “telescopic” move-
ment where the entire exostome segment contracted and
straightened, significantly narrowing the endostome gap
(Fig. 1e, f). These observations categorize H. fauriei and
P levieri as “tension-type” due to their obvious inward/
outward bending, while R. declinatus belongs to the dis-
tinct “telescopic” type with no bending [23].

The structural features of the three mosses observed by
SEM

H. Fauriei

The dorsal surface of its exostomes lacks concavity and
exhibits transverse stripes at the base. The middle sec-
tion appears slightly dented and adorned with papillae
(Fig. 2a, b and d). Conversely, the ventral surface’s base
boasts a flattened, smooth, and lamellate structure, tran-
sitioning to a narrowly flattened and mastoid middle
section (Fig. 2a, c and e). Its endostomes display smooth
lateral surfaces on the dorsal side, while the ventral sur-
face features a smooth base and a middle section adorned
with coarse mastoid protrusions (Fig. 3a-d).

P. Levieri

This species showcases a significantly different exostome
structure. The dorsal surface base dips inwards notice-
ably and bears fine warts (Fig. 2f, g and i). The middle
parts exhibit a marked depression and are decorated with
dendritic warts. The ventral surface’s base extends long
and flat, adorned with flaky and coarse warts, while the
middle section remains flat and flaky but features finer
warts (Fig. 2f, h and j). Similarly, the endostomes present
a fine wart on the dorsal surface base and a dendritic wart
in the middle. Interestingly, the ventral surface structure
mirrors the dorsal one (Fig. 3e-h).

R. Declinatus

Unlike the previous species, its exostomes lack a sunken
base on the dorsal side, displaying wrinkles instead. The
middle section shows a slight depression and bears warts
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Fig. 1 Peristome hygroscopic movement (EN: endostomes; EX: exostomes). a-b: H. fauriei; a: Dry state, b: Wet state; c-d: P levieri; ¢: Dry state, d: Wet state;
e-f: R declinatus; e: Dry state, f: Wet state; (For dynamic processes, see Support information videos 1-3.)

(Fig. 2k, 1 and n). Remarkably, both the medial base and
middle parts of the ventral surface exhibit a smooth, flat
triangular shape (Fig. 2k, m and o). Both sides of the
endostomes remain smooth across the entire structure
(Fig. 3i-).

The structural features of the three mosses observed by
TEM

Microscopic analysis revealed distinct differences in
fiber arrangement and thickness between the three moss
species studied. In H. fauriei, the exostome outer plates

displayed compactly arranged fibers at the base and
sparse fibers in the middle (Fig. 4a, b). The inner ridge
fibers were thin at the base with a tapered tip, transition-
ing to thick and sharp-tipped fibers in the middle (Fig. 4c,
d). A clear middle layer composed of fibers separated the
outer plates and inner ridges (Fig. 4a-d).

P levieri exhibited very few fibers in the base and
middle of its exostome outer plates. Similar to H. fau-
riei, the inner ridge fibers were thin and tapered at the
base, thickening with blunt tips in the middle (Fig. 4e, f).
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Fig. 2 SEM image of peristomes (EN: endostomes; EX: exostomes; p: outer plates; r: inner ridges). a-e: H. fauriei; a: Peristomes, b: The base of exostomes
dorsal surface; c: The middle of exostomes dorsal surface, d: The base of exostomes ventral surface, e: The middle of exostomes ventral surface; f-j: P levieri;
f: Peristomes, g: The base of exostomes dorsal surface, h. The middle of exostomes dorsal surface, i: The base of exostomes ventral surface, j: The middle
of exostomes ventral surface; k-o: R. declinatus; k: Peristomes, I: The base of exostomes dorsal surface, m: The middle of exostomes dorsal surface, n: The
base of exostomes ventral surface, o: The middle and side of the exostomes cusp

Notably, the middle layer in P levieri was significantly
wider than in H. fauriei.

R. declinatus shared some similarities with H. fauriei
in terms of fiber arrangement. Its exostome outer plates
also had compact fibers at the base and sparser fibers in
the middle (Fig. 4g, h). The inner ridge fibers followed the
same pattern of thin base with a tapered tip and thick,
sharp-tipped middle section. Interestingly, the middle
layer in R. declinatus resembled that of H. fauriei in
structure.

In contrast to the exostomes, the endostomes of all
three moss species displayed a monolayer structure
devoid of plates and ridges, with fibers arranged in a sin-
gle layer (Figure S1b, d, f).

The fiber arrangement of the three mosses observed by
TEM

The exostomes of the investigated moss species (H. fau-
riei, R. declinatus, and P. levieri) exhibit differences the
microfibril composition of their outer plates and inner
ridges, as illustrated in Fig. 5. Notably, both fine and
coarse microfibrils are present on the outer plates of H.

fauriei and R. declinatus, indicating substantial fiber
deposition in these species. However, P. levieri displays
significantly less fiber deposition on its outer plates, with
only coarse microfibrils being detectable (Figs. 4a, b and
e-h and 5a, b, d, g and h). Interestingly, all three moss
species possess both fine and coarse microfibrils on their
inner ridges (Fig. 4b, ¢, e, f, h, and i).

In the outer plates of H. fauriei exostomes, fine micro-
fibrils display an axial, arc-like arrangement, contrast-
ing with the radial orientation of the coarser microfibrils
(Fig. 5a and b). This pattern persists in the inner ridges,
where the fine microfibrils maintain their axial, arc-like
alignment, while the coarse microfibrils remain radially
oriented (Fig. 5b and c). Notably, the middle layer pres-
ents a chaotic and dense microfibrillar network, predom-
inantly composed of radially and axially arranged coarse
microfibrils (Figure Sla).

Axial fine microfibrils and axial coarse microfibrils are
also present in the endostomes of the three mosses (Fig-
ure. S1b, d and f).

The exostomes of P. [evieri exhibit distinct microfibril
arrangements in different layers. As depicted in Fig. 4e,
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Fig. 3 SEM image of the endostomes. a-d: H. fauriei; a: The base of dorsal surface, b: The medial of dorsal surface, ¢: The base of ventral surface, d: The
middle of ventral surface; e-h: P, levieri; e: The base of dorsal surface, f: The medial of dorsal surface, g: The base of ventral surface, h: The middle of ventral
surface; i-l: R. declinatus; i: The base of dorsal surface, j: The medial of dorsal surface, k: The base of ventral surface, I: The middle of ventral surface

f, and 5d, e, the outer plates feature radially arranged
coarse microfibrils. In contrast, the inner ridges display a
combination of arrangements: fine microfibrils follow an
axial, arc-like pattern, while coarse microfibrils maintain
a radial orientation (Fig. 5e, f). The middle layer, visual-
ized in Figure Slc, exhibits a simpler and looser arrange-
ment, primarily consisting of axially oriented coarse
microfibrils.

The outer plates of R. declinatus exostomes exhibit a
distinct organization of microfibrils. Fine microfibrils are
disposed in an axial arcuate pattern, contrasting with the
(Fig. 5e and f) radial arrangement of coarserness microfi-
brils (Fig. 5g and h). This organization persists within the
inner ridges, where fine microfibrils maintain their axial

arcuate alignment, while coarser microfibrils remain
radially disposed. Notably, the fine microfibrils within
the depression are uniquely configured at a 45° angle on
either side, forming a distinct fibrous demarcation line
(Fig. 5h and i). The middle layer displays a less organized
and looser microfibril architecture, primarily consisting
of axial coarse microfibrils (Figure Sle).

Discussion

The morphology and structure of diplolepideae peri-

stomes are known to influence hygroscopic movement.
Previous studies on moss peristome function have

shown that spore release primarily occurs through two

mechanisms: destructive movement and persistent
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Fig. 4 TEM image of the exostomes (p: outer plates; r: inner ridges; m: middle layer; ou: outside). a-d: H. fauriei; a: The base of plates, b: The middle of
plates, c: The basal of ridges, d: The middle of ridges; e-f: The plates and ridges of P, levieri; e: Base, f: middle; g-h: The plates and ridges of R. declinatus; g:

Base, h: middle

hygroscopic movement of the capsule teeth [12]. Peri-
stomes, a defining feature of most mosses, consist of
two concentric rings of teeth exposed after the calyptra
detaches. These exposed peristomes undergo repeated
cycles of hygroscopic movement in response to changes

in ambient humidity, facilitating enhanced spore release
[24]. The intricate structure of moss peristomes, respon-
sible for spore dispersal, gives rise to a fascinating diver-
sity of hygroscopic movements observed across various
moss groups [3, 25, 26]. Steinbrinck’s [17] pioneering
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Fig. 5 Arrangement of microfibrils on the exostomes (black arrow indicates the concentrated distribution area of coarse microfibrils; The asterisk indi-
cates the concentrated distribution area of fine microfibrils; The white arrow is the fiber dividing line at the inner ridges; Because the microfibrils of the
outer plates and inner ridges at the base and middle are arranged in the same way, we only select the pictures at the base for display). a-c: H. fauriei; a:
The plates, b: The microfibrils arrangement diagram (Dotted lines represent fine microfibrils; Solid lines represent coarse microfibrils), ¢: The ridges; d-f: P
levieri; d: The plates, e: The microfibrils arrangement diagram, f: The ridges; g-i: R. declinatus; g: The plates, h: The microfibrils arrangement diagram (solid

yellow lines indicate fiber boundaries), i: The ridges

work dissected the intricate relationship between peri-
stome structure and hygroscopic movement in mosses.
He identified three types of motions based on exostome
behavior: inward arching (dominated by longitudinal
dorsal and transverse ventral structures), outward arch-
ing (dominated by the opposite configuration), and
contraction-expansion with oscillation (obliquely stri-
ated dorsal surface). Patterson and Smith explored the
opening motion in the wet state, suggesting its potential
role in spore dispersal [16]. Diplolepideae peristomes
exhibit a high degree of variation in both morphology
and structure, which is reflected in the diversity of their
hygroscopic movements. We have further categorized
these hygroscopic movements into three distinct types:
‘wet-closed, ‘wet-open’ and ‘wet-elongated. Different

hygroscopic movement types have different ecologi-
cal significance Hygroscopic movement of the capsule
teeth during drying plays a crucial role in spore release
[8]. When air humidity is low, the exostomes open, the
spores are released until these conditions are met [12,
27]. This process is hindered by closed teeth, which
remain clamped shut under these conditions [28]. Dur-
ing drying, the bent exostomes vibrate in response to
wind, facilitating the release of dry, powdery spores from
the capsule interior. While closed peristomes can exhibit
some movement during drying, they only open to form
spore release channels at high air humidity. Some schol-
ars believe that aerial dispersal in humid air might be
preferable to dispersal in dry air [8, 12, 29]. This strat-
egy potentially extends spore survival time, with spore
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release peaking after a period of high humidity. Addition-
ally, it allows for spore release throughout a prolonged
drying process, helping spores avoid unfavorable envi-
ronments. An example of this strategy is the sub-hygro-
scopic movement observed in Polytrichaceae mosses,
which promotes spore release during increased humidity
and is believed to favor post-release spore germination
[8, 12, 29, 30]. Conversely, hygroscopic movement in an
intermediate state is associated with poor spore release,
as the spores are not effectively dispersed in either dry or
wet environments [23]. In conclusion, the state of hygro-
scopic movement is a critical factor for spore release in
mosses. The impact of this movement on spore dispersal
varies significantly across different moss species.

Influence of exostome plates and ridges on hygroscopic
movement

The outer plates and inner ridges of exostomes influence
the direction and degree of hygroscopic movement, with
varying effects on different parts. While fiber deposition
on the inner ridges exhibits little variation, significant dif-
ferences occur on the outer plates. When the amount of
fiber deposition is similar on both plates and ridges, the
hygroscopic movement and tension properties of the
exostomes are minimal. Conversely, when the fiber depo-
sition differs significantly, these properties become pro-
nounced (Figs. 1, 2 and 4). Exostomes of H. fauriei and
R. declinatus display more fiber deposits on the plates,
resulting in a fuller dorsal surface. In contrast, the inner
ridge fibers are deposited evenly. When both outer and
inner fibers expand, the exostomes close (Fig. 2a-c). In
contrast, P. levieri exhibits minimal fiber deposition on
its outer plates, forming deep grooves on the surface. The
inner layer ridge fibers are evenly deposited and structur-
ally full. When the inner fibers become wet, they expand,
causing the exostomes to open (Figs. 2d-f and 4e and f)
[22].

The degrees of motion observed in different parts of
exostomes are primarily determined by the layering of
the outer plates and inner ridges, as well as their capac-
ity for expansion and contraction under dry and wet
conditions (Figs. 2 and 4) [17]. In H. fauriei, the fiber
deposits on the middle part of the outer plates are less
than those at the base, while the inner ridges are thicker
and more uniform. This leads to a larger expansion vol-
ume of the inner layer compared to the outer layer in the
middle plate under wet conditions, resulting in greater
movement in the middle plates (Figs. 1a and b and 2a-
e, and Fig. 4a-d). In contrast, P. levieri has very few fiber
deposits on the outer plates. Consequently, the move-
ment degree of its exostome parts is mainly controlled
by the inner ridge fibers, with less fiber deposition at the
base and more in the middle. Under wet conditions, the
expansion volume of the inner layer is larger than that of
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the outer layer, leading to greater movement in the mid-
dle and upper parts (Figs. 1c and d, 2f-j and 4e and f). For
R. declinatus, the deposition of the outer plates resembles
that of the inner ridges. This results in similar expansion
volumes of the inner and outer layers in the base and
middle parts under wet conditions, leading to no signifi-
cant difference in movement between the parts (Figs. le
and f, 2k-o and 4g and h) [23]. This variation in exostome
structure stems from the uneven deposition of cellulose
during their development (Fig. 2) [4].

The endostomes lack both plates and ridges, conse-
quently exhibiting no hygroscopic movement. This trans-
lates to no difference in bending direction or degree
of movement across different parts during the process
(Fig. 3 and Figure S1b, d, f).

Microfibrils as the driving force of exostome movement
Microfibrils are believed to be the primary driver of
hygroscopic movement in exostomes. Wetting causes
these microfibrils to stretch, while drying triggers a
strong shrinking response (Figs. 5 and 6) [19]. Radial
microfibrils provide the function of radial force, and axial
microfibrils exert an axial force (Fig. 6b, e, h). Our obser-
vation of arched fine microfibrils aligns with Schnepf’s
description. Additionally, we identified a lighter type of
coarse microfibril present in a brighter region previously
thought to contain less matrix (Fig. 5, Figure S1, Figure
S2) [18]. Notably, both types of microfibrils were found
in all six moss classes examined, suggesting their wide-
spread occurrence within this group (Figure S2).

P levieri endostomes exhibit significant hygroscopic
movement (Fig. 1c, d), potentially linked to microfibril
arrangement (Figure S1b, d, f) and possibly influenced by
hygroscopic movement in exostomes or the capsule [23].

The arc-axial microfibrils in the outer plates and the
inner ridges of exostomes provide axial force, acting as
the main driving force for movement (Fig. 5a, b, d, e, g,
and h). The arc-axial microfibrils likely play a major role,
and the change in their radian (angle) during dry and
wet conditions affects the hygroscopic movement of
exostomes (Figs. 5b, ¢, e, f, h and i and 6) [18]. The axial
coarse microfibrils in the middle layer of the exostomes
may offer additional support. The coarser and denser
the microfibrils, the stronger their hardness (Figure Sla,
¢, and e), making them more prone to fracture during
movement. This explains why the exostomes of some
species, like H. fauriei, are easily fractured after repeated
hygroscopic movement [12]. However, movement can
also occur in species with highly simplified lateral struc-
tures [9, 31-36]. This suggests that the arrangement of
microfibrils directly determines movement (Fig. 4, Fig-
ure S1, and Figure S2). Coarse and fine microfibrils may
be formed by the deposition of different macromolecu-
lar polysaccharides, resulting in varying thicknesses of
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Fig. 6 Wetting motion state of the three moss exostomes and microfibrils arrangement angles of outer plates and inner ridges. a-d: The exostomes of
H. fauriei; a: The dry state, b. The wet state, ¢: Schematic diagram of microfibrils in dry state (dashed line indicates fine microfibrils, and coarse microfibrils;
a: the Angle of the fine microfibrils on the plates; B: the angle of coarse microfibrils on ridges), d: Schematic diagram of microfibrils in wet state; e-h: The
exostomes of P, levieri; @: The dry state, f. The wet state, g: Schematic diagram of microfibrils in dry state, h: Schematic diagram of microfibrils in wet state;
i-I: The exostomes of R. declinatus; i: The dry state, j: The wet state, k: Schematic diagram of microfibrils in dry state, I: Schematic diagram of microfibrils

in wet state
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the fibers [37, 38]. The specific components of these two
fibers and the physiological processes of their maturation
require further investigation.

Conclusion

The hygroscopic movements of the exostomes differed
among the three mosses studied. Hydration caused
inward closure in H. fauriei, outward opening in P. lev-
ieri, and elongation in R. declinatus. Assuming minimal
fiber sedimentation on the inner ridges, we observed
the following patterns: (1) Little to no sedimentation on
underlying and middle fibers of the outer plates: The exo-
stomes remained open when wet but closed when dry. (2)
Gradual decrease in sedimentation from base to middle
fibers: Exostomes exhibited greater movement in the
middle portion. (3) Similar sedimentation on base and
middle fibers: Movement was primarily confined to the
base, with minimal elongation. The axial arcs of the outer
plates and inner ridges exert force on the microfibrils
on both sides, collectively influencing the hygroscopic
movement. Consequently, diversified exostome struc-
tures across species lead to distinct types of movement,
akin to different “dancing” styles. Additionally, the endo-
stomes of P. levieri exhibit hygroscopic movement.

Abbreviations

H. fauriei Hypopterygium fauriei

P, levieri Pylaisia levieri

R. declinatus ~ Regmatodon declinatus

SEM Scanning electron microscopy
TEM Transmission electron microscopy
EX Exostomes

EN Endostomes
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