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Abstract

The early stages of the peristome development in the monospecific moss genus Catoscopium were
studied. The peristomial formula 4:2:3 is the most common, although there are deviations, increasing in
number at later stages of development. Additional cell divisions were observed in all peristomial layers,
as well as an “under-performance” of unequal cell divisions, resulting in the formula 4:2:4-opposite. The
most commonly observed 4:2:3 pattern does not contradict the placement of Catoscopium among
haplolepideous mosses, but at the same time it does not necessarily confirm this placement, because the
4:2:3 pattern appears to be present in basal arthrodontous mosses, and is not so rare in diplolepideous
alternate mosses at the early stages. The latter was found in Podperaea, a hypnalean moss with only
slightly reduced “perfect” peristome, involved in the present study for comparison for trait comparisons
with Catoscopium. Likewise, the formula 4:2:4-opposite appears in unrelated phylogenetic lineages,
being in many cases associated with various patterns of morphological reduction. Phylogenetic analysis
based on four mithochondrial (cobi420, nad2 with nad2i156, nad5 with nad51753, nad5-nad4 1GS) and
three plastid (rbcL, rps4, trnL G1) markers is performed, indicating the position of Catoscopium in
relation to groups with 4:2:3 and 4:2:4-opposite and 4:2:4-alternate peristomial formulae. A method of
total peristome structure visualization by the RGB-coded schemes of the total capsule circumference is
introduced.

Pesrome

M3yueHbl paHHHE CTAJIMU PA3BUTHS IIEPUCTOMA MOHOTHITHOTO pofa Catoscopium, CHCTEMaTHIeCKoe
TMIOJIOKEHHE KOTOPOTO TPAKTOBAIOCH Pa3HBIMH aBTOpaMu pasnuuHo. Dopmyina nepucroma 4:2:3 Hanbomnee
yacto BeTpeyaercs y Catoscopium Ha paHHUX CTaAUsIX PA3BUTHS CIIOPO(UTA, OHAKO OTKIOHEHHS OT Hee
MHOTOYUCIICHHBI, U HX YMCIIO BO3pACcTaeT Ha OoJiee MO3AHUX CTaAusaX. [IpH 3TOM BO BCeX CIIOAX KIIETOK,
YHaCTBYIOIUX B 00pa30BaHUM TIEPUCTOMA, HAOIIONAIOTCS KAK JOTOJHUTEIbHbIC ENCHHS KICTOK, TaK 1
“HeJONPEACTABICHHOCTh HEPABHBIX KJICTOUHBIX JIENICHUH, 00yCIaBIuBaOIUX 00pa3zoBaHue GopMysIsl
4:2:3, 4TO IPUBOAUT K 00pa30BaHuIO 4:2:4-CyIpOTUBHOMY THUILy. Takoe CTpPOCHHUE COITIACYETCs C TOIOXKe-
Huem Catoscopium B (HUIOTEHETHYECKUX JEPEBbIX B OCHOBAHWMH KilaJbl, 00PAa30BAHHOM TaruIoienu-
HBIMH IPYIIIaMH, HO B TO )K€ BPeMs He ABJISETCS CTPOTO CHELU(PUUHBIM ISt TAKOTO PEIICHHS, TOCKOIBbKY
4:2:3 nHorna BcTpeyaeTcs U B HanOonee 0a3aJbHBIX TPyNIax apTPOJOHTHBIX MXOB, a TAKXKe OHA Hpe[-
CTaBJICHA M HA PAHHUX CTAAUAX PA3BUTHUS IUILUIONCITHAHBIX-04E€PEAHBIX IPYII, YTO WIUIIOCTPHPYETCS B
crarbe Ha pumepe pona Podperaea, npeacrasutens Hypnales, ¢ BecbMa He3HAYUTEIBHO PeyLIMPOBaH-
HBIM [IEPHCTOMOM, OJIM3KHMM II0 CTPOSHHIO K “TOJHO pa3BUTOMY  THILY. Podperaea Oblia BKIIOYEHA B
aHanu3 Juist cpaBHenus ¢ Catoscopium, CTeNeHb PEAYKINH TIEPUCTOMA KOTOPOTO 3HAYUTENIBHO CHIIBHEE.
OTtMmeuaetcs, uTo hopmyrna 4:2:4 ¢ CynpOTHBHBIM PACHOIOKEHUEM IEMEHTOB IIEPUCTOMA HOSIBISETCS B
pasHbIX (PUIOTCHETHYECKHX JIMHUAX, B OOJBLIMHCTBE CIy4aeB CBA3AHHBIX C PEAYKIMEH MepucToMa.
O06cysxaeHne UX (pUIoreHeTHYEKOro MOJIOKEHHUS TPOBEIECHO HAa OCHOBE aHAITH3a [0 4 MUTOXOHAPUAIBHBIM
(cobid20, nad2 with nad2il56, nadS with nad5i753, nadS-nad4 1GS) u tpem xmoporuiactaeiM (rbel,
rps4, trnl G1) ydactkam reroma. [IpeioxeH MeTos peACTaBIEHHs MTOITHON CTPYKTYpHI IIepHCcTOMa C
TIOMOILBIO PAa3BEPTKH C UCTIOIb30BaHNEeM RGB-konnpoBKy.
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INTRODUCTION

Recent advances in the molecular phylogenetic stud-
ies have resulted in a number of unexpected and surpris-
ing misplacements in many groups of living beings. The
general pattern is that in groups with low levels of mor-
phological diversity, systematic reevaluations from mo-
lecular data tend to be most numerous. In mosses many
genera were transferred to other families, and relation-
ships of many families were reevaluated against tradi-
tional classifications (Newton et al., 2000; Ignatov et al.,
2007; Goffinet et al., 2009; Olsson et al., 2009; Hut-
tunen et al.,2012a; Stech et al., 2012). This is especially
true for taxa with reduced peristomes (compare Huttunen
et al.,2012b), the complex organ of spore release in moss-
es, which provides the basis for most moss classifica-
tions. For example, the genus Archidium, previously con-
sidered extremely primitive and placed in a separate sub-
class (Snider, 1975a,b; Crum & Anderson, 1981), ap-
peared to be nested in the haplolepideous clade (Newton
et al., 2000; Cox et al.; 2004; Stech et al., 2012). At the
same time, Oedipodium, traditionally placed in or near
the Splachnaceae, appears to be sister to all Bryalean
moss groups with transverse capsule dehiscence (Shaw
& Renzaglia, 2004; Goffinet et al., 2009), and probably
it is even primarily eperistomate (Shimamura & Degu-
chi, 2008; Hyvonen et al., 2004). Similarly, once no
sporophyte is known at all the systematic placement of
the taxon is often controversial, especially in the pres-
ence of non-conclusive gametophytic characters. A re-
markable example represents Pulchrinodus which has
been placed all over the moss tree of life (compare Allen,
1987) until molecular studies revealed its placement at
the base of the Bryales (Quandt et al., 2007). There are
however opposite examples, where peristomes have com-
plex structures allowing different interpretations of their
phylogenetic origin, e.g., in Timmiales. Their phyloge-
netic position among early diverging arthodontous mosses
became apparent only after molecular phylogenetic anal-
yses (e.g. Newton et al., 2000; Cox et al., 2004; Wahr-
mund ef al., 2010) and subsequent developmental stud-
ies resulted in reinterpretations of the peristome mor-
phology in light of the different phylogenetic hypotheses
(Budke et al., 2007).

The genus Catoscopium, with a single circumpolar
mire species C. nigritum (Hedw.) Brid., was originally
classified in the Meesiaceae (Schimper, 1860; Limpricht,
1895), but was later placed in its own family although
still next to Meesiaceae (Brotherus, 1924; Podpera, 1954).
An alternative placement has been suggested by Griffin
& Buck (1989), who referred Catoscopium to Bartrami-
aceae. These classification decisions were based on weak
morphological evidence due to considerable peristome
reduction in Catoscopium: the exostome teeth are irreg-
ular, although they still have a distinct median line, while
the endostome is represented by a poorly developed bas-
al membrane, not allowing a clear understanding of the

position of its parts relative to the exostome teeth (Figs.
1-2). However, diplolepideous peristomes at various stag-
es of reduction are common in both Bartramiaceae and
Meesiaceae, and this fact may explain the placement of
Catoscopium near or within these families. Even in more
recent treatments its position is a rather controversial
one. While in Buck & Goffinet (2000) it is found within
the Splachnales, Goffinet et al. (2009) place it in the
Bryales. In contrast Ignatov & Ignatova (2003) accepted
Catoscopium in a separate order among early diverging
arthodontous mosses. Similarly, recent molecular analy-
ses reported Catoscopium among early diverging haplol-
epideous mosses (Quandt ef al., 2007; Wahrmund et al.,
2010), a view shared by Frey & Stech (2009). However a
detailed discussion on its morphology was never provid-
ed, partly due to a partial peristome reduction (Fig. 1A-
C), precluding an easy approach to understanding its
morphology.

Peristomes play a considerable adaptive role in spore
release (Shaw & Robinson, 1984), and in more than 95%
of species they belong to an advanced arthrodontous type.
Peristomes of this type are usually developed from three
rings of cells that partly decompose and form from re-
tained material in two rows of peristomial elements.
Adjoining material of the inner cell walls of the outer
peristomial layer (OPL) and outer cell walls of the mid-
dle, or primary peristomial layer (PPL) form the outer
ring of teeth, the exostome, while cell walls between the
PPL and inner peristomial layer (IPL) build another ring,
the endostome, usually composed of a more delicate struc-
ture. Edwards (1979) introduced the peristomial formu-
la, counting cells in these three layers for 1/8 of sporo-
phyte circumference.

Three types of arthrodontous peristomes are usually
recognized as the main ones (Shaw & Robinson, 1984;
Edwards, 1984) and recently they appeared to be quite
congruent with the molecular phylogenetic results (e.g.,
Shaw et al., 2003; Tsubota et al., 2004; Shaw & Renza-
glia, 2004; Cox et al., 2010; Wahrmund et al., 2010;
Shaw et al., 2011). These are haplolepideous, diplolepi-
deous-opposite and diplolepideous-alternate peristomes
(Fig. 3).

Their difference among peristome types becomes ap-
parent at an early stage of differentiation in the peristo-
mial layers, when the IPL undergoes a division which
turns it from 8-celled to 16-celled. At the stage when the
2:2:1 pattern is transforming into 4:2:2, the divisions in
IPL can be:

1) aligned with the anticlinal cell walls in the PPL,
resulting in the diplolepideous-opposite, or “Funaria’-
type, with variants 4:2:2, 4:2:4 or 4:2:8;

2) offset to anticlinal cell walls in the PPL and with
one subsequent division of the larger cell, resulting in
haplolepideous, or “Dicranum”-type, 4:2:3;

3) offset to anticlinal cell walls in the PPL, with 2-6
subsequent divisions in IPL and misplacing of the previ-
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Fig. 1. Catoscopium nigritum, peristomes under stereomicroscope (A—C) and SEM (D-K) from Yakutia (A—C) and Italy (D-K): A-
D, capsule mouths with peristomes; E-F, operculum with attached exostome teeth remnants (TR); G-H, exostome teeth, showing
variation and preperistome; I-K, ornamentation of dorsal surface of exostome teeth, showing presence (K) or absence of margin (M).
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Fig. 2. Catoscopium nigritum, SEM images of peristome; specimens from Italy (A—C, E-H) and Arkhangelsk (D, I). A-B, D,
peristome from outside, showing properistome presence (Pp); C, longitudinal section, showing exostome tooth and properistome
layers at its base; E-1, peristome from inside: mostly exostome is visible (Ex), and only at places a thin membrane of endostome
is discernible (En); some teeth have ventral trabeculae (VT), which are more commonly absent.
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Primary eperistomate (Sphagnum, Andreaea,
Takakia, etc.) and nematodontous (Polytri-
chum, Tetraphis, Buxbaumia)

Fig. 3. Scheme of the main clades and main types of
peristome structure.
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ously aligned or nearly aligned anticlinal cell walls si-
multaneous with PPL cell enlargement, resulting in
diplolepideous-alternate , or “Bryum”-type, with variants
4:2:4, 4:2:6, 4:2:8, or more rarely 4:2:10 and as an ex-
ception 4:2:12 and 4:2:14.

This scheme with three main peristome types is based
on careful studies of peristome development done for a
number of genera (Evans & Hooker, 1913; Wenderoth,
1931; Saito & Shimoze, 1955; Saito, 1956; Stone, 1961;
Edwards, 1979, 1984; Shaw & Anderson, 1988; Shaw &
Allen, 1985; Shaw et al., 1987, 1989a,b; Budke et al.
2007). However there are also a number of exceptions,
observed both within a single cross-section and in spe-
cies with peristome structure different from “typical” for
families where they belong. For example, Magill (1987)
found a diplolepideous-opposite peristome in Dichelo-
dontium (Ptychomniales: Hypnanae), instead of diplol-
epideous-alternate. Splachnum and Tetraplodon were
shown to have opposite 4:4:4 and 4:2:8 cases, respec-
tively (Schwarz, 1994), although their position in the
“diplolepideous-alternate” clade has been confirmed in
all recent molecular phylogenies cited above. Schwarz
(1994) found that the peristome of Ephemerum has an
opposite (0):4:4 structure, despite that this genus is a

member of the haplolepideous clade, where 4:2:3 is the
basic formula. The 4:2:3 formula was noted for Aula-
comnium heterostichum (Blomquist & Robertson, 1941),
although Shaw et al. (1989b) criticized their interpreta-
tion of cell arrangement as being incomplete. The genus
Glyphomitrium, despite being resolved in the haplolepi-
deous clade (Cox et al., 2010), always has an unstable
proportion of IPL and PPL cells (Estébanez et al., 2006).

Examination of illustrations in almost all publications,
in fact, always reveals “mistakes in divisions” among
“typical” patterns, i.e. those are most common among
the other parts of the same section, and other sections of
the same capsule, which usually agree with its systemat-
ic position supported by phylogenetic evidence. For ex-
ample, Shaw et al. (1987) in Fig. 14 for Diphyscium,
illustrate in different octants of the same section propor-
tions of 4:2:3, 4:2:3, 4:3:4, 4:2:4, 4:2:3, 4:2:3, 4:2:3%,
6:3:4. The octants marked here with asterisk have an
offsetted IPL in the fashion characteristic for diplolepi-
deous-alternate peristomes: IPL anticlinal cell walls are
displaced relative to anticlinal walls in both the PPL and
OPL. Figure 8 in Goffinet ef al. (1999) of Schlotheimia
rugifolia (Hook.) Schwiégr. has octants 4:2:4, 4:2:3, 4:2:4,
4:2:4, 4:2:3, 4:2:4, 4:2:3, 4:2:2.
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To avoid a subjective evaluation of the anticlinal cell
positions, Budke et al. (2007) suggested a quantitative
method. It proved that the complex peristome of Timmia
belongs to the opposite type in IPL versus PPL arrange-
ment with great confidence, as 96% of cell walls were
found to be aligned, and only 4% offset (and in all cases
only slightly shifted, for less than 33% along periclinal
cell wall, and never more than that).

However, a preliminary study of Catoscopium re-
vealed a frequent co-occurrence of both 4:2:3 and 4:2:4
patterns within the same cross section. Thus we under-
took an expanded analysis of whole series of peristome
sections to answer two questions:

1) is it possible to recognize the basic peristome for-
mula in the irregularly developed peristome of Catoscopi-
um, and to identify its affinity to basic peristome types;

2) which kind(s) of division errors and displacements
are associated with peristome reduction in this species.

MATERIALS AND METHODS

General peristome morphology

Peristomes of the Catoscopium were studied and pho-
tographed under light stereo- and compound microscopes,
and SEM LEO-430, after gold coating but without other
preparation (Fig. 1-2). Specimens used for these obser-
vations were taken from MHA herbarium, with sampling
from Northern Europe (Arkhangelsk Province, Kumiche-
vo, Ignatov, 4.VIII.1988), Caucasus (Georgia, Abramo-
va, Exsiccate of LE #78), and Asia (Altai, Ignatov &
Ignatova 12-492; Taimyr, Fedosov 08-72; Yakutia, Teply
Klyuch, Ignatov & Ivanov, 6.VII.1912). One specimen
from Southern Europe (Italy, Prov. Bozen: Pustertal, Do-
lomiten, Pragser Wildsee, Schéfer-Verwimp 27558) was
also used for SEM observations.

As preliminary observations did not reveal any mar-
ked differences between populations, possible heteroge-
neity of the studied plants was not further considered.

Anatomy study

The material for this study was collected in Yakutia
(voucher Yakutia, Tomponsky Distr., Teply Klyuch,
6.VIL.2011, Ignatov & Ivanov #11-2042, MHA), in arich
fen. Young sporophytes 3-5 mm long were fixed in 4%
glutaraldehyde in 2.5% Na-phosphate buffer, pH 6.8, and
stored in it. After storage at +4°C, they were post-fixed
with 1% osmium tetroxide in the same buffer for 10 h,
then dehydrated in 70% ethanol, and then dehydrated
through a graded ethanol/acetone series to 100% ace-
tone. After that, samples were embedded in araldite 6005
medium, according to the protocol of manufacturer.

A preliminary study revealed that at the stage when
peristomial layers became apparent, it is difficult to de-
termine a peristome formula because adjacent octants
have inconsistent patterns: 4:2:3, 4:2:4 aligned, 4:2:4
opposite, and occasionally cases with higher numbers of
cells. The PPL in some capsules was composed of 20-22
cells, not 16. To obtain a more reliable quantitative data,
we decided to check not an individual section or few best

“typical” sections, but instead the whole series, allowing
a study of peristomial layer structure throughout one young
sporophyte. For this purpose we cut the young sporophyte
in thinner sections, 2 um (not 5-8 um, as commonly used in
similar studies), to obtain thinner cell wall views and thus
to reduce possible noise. Sections were cut with glass knives
and put on glass slides without mounting medium. All sec-
tions were arranged sequentially on a slide glass, which
allows finding the precise distance of each section from the
level where regular peristomial structure becomes apparent
(Fig. 4A, C-F).

Two capsules were cut longitudinally (Fig. 4A, B)
and ten transversely, the latter with series of 30 to 130
sections, 2 pm thick. Thus 60 to 260 um intervals were
included in the study. Among them, two series included
a very homogeneous cell arrangement, without obvious
peristomial layers (Fig. 4G). It seems that they comprise
sporophytes that did not reach a fully developed state,
appearing similar to that shown in Fig. 1C, which occa-
sionally occurs in Catoscopium collections.

One series was started from four cells of the so-called
fundamental cross, surrounded by 1-2 rings of amphith-
ecial cells, so the formula was 0:1. Early stages where
only two peristomial layers occur, [-]:2:1, were seen in
two series (Fig. 4C). Four series represent stages starting
from 2:2:1 in the upper part, and with the transition to
4:2:2 shortly below. Further below, from ca. 100-120 um
from the level where regular peristomial structure be-
comes recognizable, the PPL was represented by 17-24
cells, rarely more, and it is likely situated at about the
capsule mouth or somewhat below it (Fig. 4F).

The sectioning was done from the sporophyte apex,
whereas the interval with differentiated peristomial lay-
ers was the focus of the present study. It is visible in the
longitudinal section (Fig. 4A) between the arrows, as
we can conclude from a comparison of sections, includ-
ing their number (distance from upper to lower one in
the series) and also from the width of the peristomial
layers.

As cell walls appeared to be obscured by collapsed
cytoplasm under the light microscope, we conducted ob-
servations by means of fluorescence of cell walls stained
by berberin and photographed under confocal LSM Olym-
pus FV1000 using exitation of the blue lazer, A=473 nm,
and making Z-Stacks of 4-7 shoots.

As the cases of unaligned IPL and PPL cell walls were
obviously numerous, just a percentage of offset to aligned
cells, a criterion successfully applied to 7immia (Budke
et al., 2007), may not represent the whole complexity.
Thus a special procedure was developed to represent this
complexity.

Anatomy data performance

Each photograph was reformatted in a geographic
program to the “Mercator projection” (orthogonal pro-
jection of the Earth maps) using a basically geographic
software ESRI ArcGIS 10.x (http://www.esri.com). The
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Fig. 4. Catoscopium nigritum: A-B — longitudinal sec-
tions of developing peristome; C-F — transverse sections
of sporophyte between the levels arrowed in A; G — trans-
verse sections of sporophyte with gomogeneous cells
throughout the interval where most sporophytes have dif-
ferentiated peristomial layers. The C picture corresponds
to [?]:2:1 stage, D to 2:2:1, E to 4:2:2 stage, where both
aligned or offset divisions in IPL can be seen; F is the
section at the level of about tooth bases, with OPL:PPL:IPL
cells in number of 42:22:32, e.g. ca. 4:2:3. OPL cells are
marked by red circle, PPL by green, and IPL by blue
circles. Scale bars: for A-B — 20 um, for C-G — 10 wm.
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Fig. 5. Explanation of procedure of peristome structure RGB-coding: A — cross section, B — the same, transformed to “mercator”
orthogonal projection; C — color coding of eight variants of peristomial layer cell walls presence or absence within 1/64 of the
circumference; D — row of 64 color rectangles, corresponding to one transverse section. Scale bar: 10 um.

only modification was the change of 5° for minimal sec-
tor (default for Earth studies) to 5.75°, which subdivides
the circular peristome image into 64 sectors (Fig. 5). As
structural units in peristomes usually number 16 or 32 or,
more rarely 64, we feel that such subdivision is detailed
enough. Although 96 in some Bryum species and even 112

elements in Roellia, are known, these high numbers were
ignored for the present study; however they may be easily
added to the coding procedure if necessary.

A very important additional step during this trans-
formation was to set zero, which allows aligning sec-
tions of the series with each other. Fortunately, well-vis-
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ible crosses within the sporogene tissue (results of first
three divisions in sporophyte), inside from the peristo-
mial layers, help in most cases to accomplish this proce-
dure without difficulty. The next moderately straightfor-
ward step was to check if each of 64 sectors in 3 layers
had a cell wall or not. After this, one transverse section
of capsule was transformed into 3x64 matrix, with states
of + (present) or — (absent).

Attempts to use various 3D methods appeared to be
too cumbersome. Coding in “RGB mode” (Fig. 5) pro-
vides a visual representation of the pattern in relation to
the standard color patterns of the main types of peris-
tome structure (Fig. 6).

We coded IPL as blue, PPL as green, and OPL as
red. When one of 64 columns has a cell wall in only one
layer, the color of this layer is a resulting one. When no
cell wall occurs in the column, it is black, while if cell
walls are in all three layers, the resulting color will be
white, suggesting a complex nature of white light. Other
combinations are also easy to interpret; for example,
red+green=yellow, red+blue=pink (magenta), green+
blue=cyan (Fig. 5).

In this way, one section is transformed into a band of
64 rectangles, each filled by one of 8 colors. The advan-
tage of the method is that it allows an easy overview of
many sections in a series with one figure, and provides
an immediate impression of the peristome structure pat-
tern not only at one level, but tracing it along all peris-
tome teeth, checking if the structure is stable all along it
or is changing, and in the latter case, to what extent and
in what way.

Especially important for our purpose is the position
of the white color, which indicates an aligned position in
all three peristomial layers, as well as the yellow one,
suggesting displacement, which is essential information
for arthrodontous peristomes except for the basal group
of four orders with diplolepideous-opposite peristomes:
Gigaspermales, Funariales s. 1. (incl. Disceliales), Enca-
lyptales, and Timmiales. Alternation of white, black and
pink and total absence of yellow color is a characteristic
of them. Contrary to that, the yellow-coded offset posi-
tion of IPL against PPL+OPL indicates the structure of
two main peristomial types: haplolepidious (Grimmiales,
Dicranales, efc.) and diplolepideous-alternate (Bryales,
Hypnales, etc.) peristomes.

Each of the main peristomial structures has a specific
color pattern (Fig. 6), and the distribution of these pat-
terns can be easily seen around the combined circumfer-
ences (Figs. 7-8). Note however that a slight difference
in anticlinal cell wall position may change the color pat-
tern (Fig. 6, haplolepideous; Fig. 7E-H). The ‘isomer-
ous’ color patterns, however do not transfer from one
type of the principal peristomial structure to another one.

Diplolepideous-alternate peristomes with numerous
cilia, reflected by a formulae of 4:2:8-12(-14) may have
very closely arranged anticlinal divisions, resulting in 2

and probably sometimes even 3 divisions within one of
1/64 sectors. This case almost never occurred in the pre-
sent study of Catoscopium, although in diplolepideous-
alternate peristomes it may happen and in this case may
be marked by an asterisk for 2 and a double asterisk for 3
divisions in one layer within one sector.

After such RGB-coding by colors (Figs. 5), peristomes
are ready to analyze. However, being applied to Cato-
scopium, which is likely a rather difficult and irregular
case (Figs. 7-8), we had to be sure that it works in moss-
es with more regular peristome structure. For such a “con-
trol” we undertook a similar coding for Podperaea kry-
lovii (Podp.) Z.Iwats. & Glime, a representative of Hyp-
nales: Amblystegiaceae (Ignatov et al., 2006, 2007) or
Hypnaceae (Goffinet et al., 2009), with a well developed
or only slightly reduced peristome. Comparative to the
fully developed diplolepideous-alternate peristome with
3-4(-6) cilia in the endostome (as in some species of
Bryum), Hypnales display a somewhat less developed
scenario, with most commonly 2 or more rarely 3 cilia,
with common reductions to one or no cilia. The Podperaea
endostome in most cases has one cilium (corresponding
the formula 4:2:6), and more rarely two cilia or occa-
sionally none between neighboring segments; three cilia
were never observed in the studied collection of this spe-
cies. Otherwise Podperaea comprises a case, which usu-
ally is described as a “hypnoid”, “perfect” or “fully de-
veloped” peristome (Fig. 9).

The protocol of preparation was essentially the same
as for Catoscopium. Material used for this study was taken
from the cultivation in MLR32 Sanyo, where the moss
successfully grew about 9 months after being collected
in September of 2013, in the Primorsky Territory of Rus-
sia (voucher Ignatov and Ignatova #13-1456, MHA).

Editing for the better performance

A disadvantage of this method is a sensitivity to noise
because of the imperfect circles of peristomial layers that
may also appear in the course of preparation, and such chang-
es may lead to a modification of the color pattern. However
this sensitivity is relative: wrong attribution of one anticli-
nal cell wall to a nearby 1/64 sector is easily visible and
correctable, as a re-attribution of a cell wall to neighboring
sector does not affect the overall peristomial formula. There
are three variants for 4:4:4 (Figs. 7H, H’, and H”’) and three
variants for 4:2:3 (Figs. 7E, E’, and E”). For an easy under-
standing of the pattern in the subsequent scheme (cf. Fig. 7-
8) the patterns 7E” and 7E” were substituted by 7E. It is
important in this case that the pattern 4:2:4, both diplolepi-
deous-opposite and diplolepideous-alternate, comprise 4
color repeats, both unique for each of them (cf. Fig. 6), and
only the haplolepideous 4:2:3 pattern has 8 color repeats in
all three variants. And finally, 2 color repeats indicating a
4:4:4 pattern, should also be considered in the Catoscopi-
um peristome, considering the opinion about its position in
the Splachnales (Buck & Goffinet, 2000). Splachnum has a
4:4:4 pattern (Schwarz, 1994).
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Molecular phylogenetic analyses

Two different molecular data sets were compiled for
the present study. 1) A concatenated data set of mito-
chondrial nad5 and plastid rps4 sequences for a small
taxon subset consisting only of genera used for peris-
tome development studies (Table 1), supplemented with
few phylogenetically important genera, e.g. nomencla-
tural types of families and orders. Sequences were down-
loaded from Genbank, except for one newly generated
rps4 sequence for Podperaea krylovii (specimen: Rus-
sia, Altai, Ignatov #1/10, MHA, KT388714). 2) A slight-
ly modified version of the bryophyte backbone data set
by Wahrmund et al. (2010). In order to be more repre-
sentative for the study group we included available se-
quence data for three Diphyscium species, instead of
using a compound sequence for the genus. In addition,
we included sequence data for Scouleria aquatica and
Bryoxiphium norvegicum, but slightly reduced the out-
group sampling, while complementing the data set with
another plastid marker, the group I intron residing in
trnL (trnL G1) which was readily available in GenBank
(Appendices 1-2).

Alignment of the sequence data for both data sets was
guided by the already established bryophyte backbone data
set from Wahrmund et al. (2010). The taxonomic adjust-
ments required only few alignement changes mainly in
order to accommodate the microstructural evolution of
group I intron residing in nad5 (nad5i753). Similarly,
for the appended #7nL G1 the published structurally guided
alignment of the intron for bryophytes was used as scaf-
fold (Quandt & Stech, 2005). Based on the criteria laid
out in Kelchner (2000) required modifications of the
alignments were manually performed in PhyDE® v0.995
(www.phyde.de). Hotspot definitions followed Wahrmund
et al. (2010) for both data sets. As trnL G1 was not in-
cluded in Wahrmund et al. (2010) ambiguous parts of
the alignment were defined to five hotspots following
the strategy in Olsson et al. (2009). Detected inversions
were positionally separated in the alignment and includ-
ed as reverse complemented in the phylogenetic analy-
ses, compare Quandt ez al. (2003) and Borsch & Quandt
(2009).

Maximum Likelihood (ML) reconstructions were
done using RAXML (Stamatakis, 2014), applying the
GTRGAMMA model for nucleotide evolution and F81
for indels. Internal branch support was estimated by heu-
ristic bootstrap (BS) searches with 10,000 replicates each.
Bayesian analyses were performed with MrBayes v3.2.5
(Ronquist et al., 2012), generally applying the GTR+I™+I
model. The a priori probabilities supplied were those
specified in the default settings of the program. Four runs
with four chains (10° generations each) were run simul-
taneously, with the temperature of each heated chain set
to 0.2. Chains were sampled every 1000 generations and
the respective trees written to a tree file. The output files
were examined in Tracer v1.6 (Rambaut et al., 2014) in

order to evaluate the effective sampling size and to en-
sure that the chains reached stationarity within the first
25%, which were discarded prior calculations of the con-
sensus tree and the posterior probability of clades. Con-
sensus topologies and support values from the different
methodological approaches were compiled and drawn
using TreeGraph 2.4.0-456 beta (Stover & Miiller 2010).

RESULTS

Observations under light microscope and SEM
showed a rather similar peristome structure in different
specimens of Catoscopium (Figs. 1-2). In all studied spec-
imens the peristome was strongly fragile, so in many cases
tooth parts remained on the sticky paper used for mount-
ing capsules on stubs for SEM observations, or attached
to the inner side of the operculum (Fig. 1E-F). Teeth along
the mouth were often represented by just their basal parts,
and capsules with maximally developed peristomes were
found quite a few times.

Exostome teeth have a median line on their outer sur-
face; this surface is irregularly reticulate and papillose
over most of the outer cell wall plates, except in a zone
near the median line and plate margins, where the sur-
face is perfectly smooth in some specimens. Sometimes
the ornamentation reaches the tooth margin (Fig. 1H-
K). A similar reticulate and papillose ornamentation also
occurs on low faces outside the exostome, they are inter-
preted here as a preperistome of a very poor expression
(Fig. 2A-D). It is formed by 1-3 rows of amphithecial
cells outside of OPL (Fig. 2C-D).

The exostome teeth are 16, but sometimes 15 or 17
due to lateral fusion or division of some into small un-
equal entities, but these cases are rare and if teeth are
more or less equally developed their number is 16 with-
out exception. Teeth are irregular in shape, as plates are
arranged not exactly one above another, making them
variously curved and eroded (Fig. 1G-H). Dorsal trabec-
ulae are absent, ventral ones are occasionally developed
but are commonly very low (Figs. 11-J, 2E-F). The inner
surface of the exostome teeth is covered by large low pa-
pillae (Fig. 2G-H) or are smooth (Fig. 2F, 1), and both
types of surface ornamentation occur on the endostome
inner surface as well (Fig. 2H-I), so it is not always ap-
parent which surface is under observation. The adherent
highly reduced endostome material is represented by a
thin membrane at the tooth bases, only in few places sep-
arated by a distance less than one cell length (Fig. 2E, H-
I), or otherwise the membrane may be firmly joined to
the inner surface of a tooth, and in this case it can be
recognized by the inner median line (Fig. 2E).

Anatomy study

Peristomial layers were found in eight out of ten
capsules cut transversely. They were apparent in (15-)
30 to 120 sections, 2 pum thick, i.e. at (30-)60 to 240
pm intervals. In two series amphithecium cells were
quite homogeneous, as explained above (page 394),
and were likely associated with ultimate reductions
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Fig. 7. Catoscopium nigritum peristome structure shown with RGB-coding, explained in Fig. 5. A-B — one capsule shown as the
series of 60 RGB-coded cross sections, thus comprising 120 um. B isthe same as A with green-boxed ares of typical 4:2:3 pattern
of haplolepideous peristome structure; note that it occurs in many parts, although not throughout the peristome. C-H illustrate
variants of color patterns characteristic to main peristome structures.
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shown in Fig. 1C. They were not considered further in
the present stydy.

Figs. 7 and 8 present two series of cross sections,
coded by the RGB method, and Fig. 9 shows the recon-
struction of the peristome of Podperaea, the ‘control
species’. Despite of a strongly variegate and somewhat
irregular appearance of the Catascopium series, the char-
acteristic patterns (cf. Fig. 8) can be recognized, al-
though not so apparent as in Podperaea.

Both series of Catoscopium (Figs. 7-8) comprise spo-
rophytes at an early stage of development: additional
divisions in PPL appear at the same level from the top,
at about 100-120 pm (compare with Fig. 4). Sporophytes
at this level are 90 um in diameter, with endothecium
40 pm in diameter. Nevertheless the appearance of the
peristomial pattern is different, the capsule shown in
Figs. 7 and 10A (cf. also Table 1A) has many more oc-
tants where 4:2:3 pattern is represented compared with
Fig. 8 (see also Fig. 10C, Table 1G).

Distal parts of the developing peristome of Catoscopi-
um mainly represent the alteration of aligned and offset
cell divisions (coded as white and yellow corresponding-
ly), i.e., the stage of 2:2:1 (Fig. 4D), where earlier divi-
sions of “fundamental cross”, and one subsequent divi-
sion in the PPL 8-celled circumference, which is a pat-
tern almost universally present in all arthrodontous moss-
es (cf. Fig. 6). Additional amphithecial layers occur at
the distal level of peristome (Fig. 4A), being 5-6(-7)-lay-
ered, and gradually reducing in number to the level of
annulus, where amphithecium is usually 4-layered (cf.
Fig. 4E-F).

The number of peristomial layers changes from 2 to
3 in the upper 10-20 pm. (Hereafter distances are mea-
sured downwards to the level where peristomial layers
become distinct). At this level, the PPL cells are already
16, a number which remains up to the middle or base of
the teeth.

Anticlinal cell walls in IPL are formed at first only
between the octants (Fig. 4C), being 8 in number (white
lines in Figs. 7-8) in uppermost 10-20(-30) um (rarely
lower in some octants). At this point anticlinal divi-
sions changing the formula from 2:2:1 to 4:4:2 ap-
pear. In RGB-coded schemes in Figs. 7-8 they appear
as blue flanks along the yellow lines in the uppermost
part of peristome. In all 8 sectors of all studied peris-
tome series, the anticlinal cells walls in IPL originate
(or, more precisely, become apparent through the
present method) at approximately the same level
among octants, and always at about 1 cell length dis-
tance within one octant. This appears as one blue flank
of a yellow line differs from another blue flank to 10-
20 pm. This must be obligatory, as the division in the
larger cells appears as a result at the stage of transi-
tion from 2:2:1 to 4:2:2 (Fig. 11A to 11B, and from
11C to 11D) and can not divide simultaneously to form
4:2:3 pattern.

This haplolepideous 4:2:3 pattern has been found
in the distal parts in series of sections in Catoscopium,
although the process in individual sporophytes may dif-
fer substantially (Fig. 10, Table 1).

Divisions in the OPL are 16 since the earlier stages of
the series, appearing as white plus yellow lines in Figs. 7-
8. Other divisions in OPL appear at the same level where
the IPL divisions start, i.e. at 10-30 pm from the peris-
tome top or, more commonly, slightly above: note that “red
lines” penetrate to the “level of white and yellow lines
only”, i.e. above the “blue lines of IPL divisions”. Upper
ends of “red lines” occur at about the same level.

Within the interval 20-30(-35) pm the arrangement
of anticlinal cell divisions exhibits the haplolepideous,
4:2:3, pattern (Figs. 7 and 8). There are a number of
exceptions due to either (1) lack of division in a cell where
it would be expected due to the presence of anticlinal cell
walls in the same column above and below this cell, or
(2) an extra division, also appearing in just one cell or
several cells one above another. Such exceptions are rel-
atively few near at the level of transition of ‘8-celled IPL’
to ‘16-celled IPL, i.e., the place where the 4:2:3 pattern
is maximally expressed.

The closer to teeth base of Catoscopium, the more nu-
merous are exceptions from the 4:2:3 pattern, especially
due to additional cell divisions in peristomial layers. The
number of PPL cells exceeds 16 from about 70-80 pm from
the teeth tips (Figs. 7-8), increasing to 19-24 at the level
0f200-240 um. However different series exhibit consider-
able variation in numbers of cells (Table 1).

The 4:2:3 pattern either remains prevailing the indi-
vidual series (Fig. 7, 10A, Table 1) or becomes rare (Fig.
10B) to totally disappearing (Fig. 8, 10C), being substi-
tuted by 4:2:4-6 alternate, 4:2:4 opposite and sometimes
4:4:4-patterns.

The diplolepideous-alternate pattern (cf. Fig. 6) ap-
pears occasionally in the upper third of the teeth (Fig. 7),
but is more common in their proximal parts (Fig. 8).

The pattern 4:4:4 appears to be quite common in the
proximal part of peristome, but at least partly this has to
be referred as a methodological error: as the circumfer-
ence has been divided into 64 segments, the additional
divisions in PPL, even with stochastic positions of anti-
clinal cell walls, raise the probability for 4:4:4 pattern
(see also discussion).

In the ‘control species’, Podperaea, two series were
studied, one started from the 3-layered amphithecium
(Fig. 9B), i.e., since the ‘pre-OPL stage’. The area ‘tran-
sitional from 8 IPL to 16 IPL’ (looking in the Fig. 9 as
the level of ‘upper ends of blue and red lines’, cf. Fig. 7),
occurs at 20-30 um from the top. It is principally the
same as in Catoscopium (cf. Fig. 4D). Blue line ends are
more uneven, often differing in the same octant at the
20-40(-80) pm.

The divisions in the IPL at the transition from 2:2:1
to 4:2:2 are mostly offset, thus the 4:2:2 pattern has un-
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equal cells in IPL, the larger of them undergoes the next
anticlinal division, making pattern 4:2:3 (Fig. 11A, yel-
low arrows). Further below one of IPL cells in each oc-
tant divides, resulting in a 4:2:4-alternate pattern (Fig.
11B, cyan arrows). This divided cell is usually the larg-
est among other cells of a given octant, excluding the
cell in octant center, i.e. that one forming subsequently
the keel of the corresponding segment. The level where
4:2:4-alternate pattern prevails, i.e. corresponding to the
structure with no cilia, were seen in both studied sec-
tions at the level ca. 30 pm while further down towards
the teeth base another cell other than the “keel progeni-
tor” undergoes a division, approaching a 4:2:6 (Fig. 9F)
and occasionally a 4:2:8 pattern.

At the level of 100 um a complete diplolepideous-
alternate pattern occurs almost throughout the capsule
circumference. The main octants have 4:2:4 (red-blue-
yellow-blue) or 4:2:6 (pink-blue-yellow-blue) pattern, ex-
cept a few areas where the anticlinal cell walls in OPL,
PPL and IPL are aligned throughout (shown in Fig. 9 as
a white line).

Interestingly, in both Podperaea and Catoscopium,
the anticlinal walls of the fundamental cross (in the dis-
tant part white and in ideal schemes cyan in color), mostly
do not remain well aligned since the rather early stages,
except one out of four rays of the “fundamental cross”
which is more aligned than others (Figs. 4F, 10). So one
(and most distinct) white line in Podperaea is a remnant
of the first division.

Phylogenetic analyses

Phylogenetic analyses of both data sets provide a high-
ly congruent picture (Fig. 12 & 13), with few conflicts,
which are generally unsupported (i.e. posterior proba-
bilities (PP) < 90 or bootstrap support (BS) < 80). The eperi-
stomate groups are at the tree base (compare Wahrmund
et al. (2010) for data set 2), followed by the nematodon-
tous lineages, including Tetraphis. Buxbaumia receives
a position between the nematodontous and the mono-
phyletic arthodontous mosses (1.00 PP/100 BS). Among
early diverging arthodontous mosses, Diphyscium repre-
sents the first branching lineage with maximal support.
While the characteristic clades containing ) the diplol-
epideous-opposite, ii) the haplolepideous, and iii) the
diplolepideous-alternate mosses are each highly supported
(PP > 0.99, BS > 90) the relationships among the three
are controversial. Especially the position of Timmia is
problematic, as with data set 2 it receives a sister group
relation to the haplolepideous and diplolepideous-alter-
nate mosses, whereas with data set 1 it is sister to a clade
consisting of diplolepideous-opposite and haplolepideous
mosses. However, in both cases support is not significant
(i.e. PP < 0.95 and BS < 95). Catoscopium is continu-

ously resolved as first branching lineage among the
haplolepideous mosses, although in data set 2 Timmiella
joins Catoscopium in an unsupported clade sister to the
rest of the haplolepideous mosses.

DISCUSSION

Although an ideal method of peristome development
study implies a complete series of earliest stages from
the stage of four cells divided by “fundamental cross”
after two first divisions (Fig. 5), it cannot be always ap-
plied to some rare species collected in remote areas, due
to probable lack of some stages in specimens. However,
as it is shown in series of capsule sections at later stages
of development, these earlier stages are retained in a more
or less intact state in distal parts of the capsule. At least
the [0]:2:1 stage is clearly presented in both Catoscopi-
um and Podperaea (Fig. 4C and 9B), once more con-
firming that the peristome has an outstandingly regular
structure, due to synchronized divisions both in time and
space (Shaw et al., 1987; Shaw & Anderson, 1988).

As peristome development patterns prior the 2:2:1
stage are almost identical in both haplolepideous and
diplolepideous mosses, including Diphyscium and even
the nematodontous Zetraphis (cf. Figs. 12 & 13 for their
phylogenetic positions), our study was concentrated on
stages from the transition of 2:2:1 to 4:2:2, which were
available in all studied series of cross sections, except
those two that exhibited homogeneous cells throughout,
without any apparently differentiated peristomial layers
(Fig. 4G). Thus, eight series of transverse sections pro-
vide the basis for the following discussion of those stag-
es of the peristome development, which are crucial for
the peristome attribution to one of the types (Budke et
al., 2007; Shaw et al., 2011).

The most common anticlinal divisions in the IPL at
the transition of 2:2:1 to 4:4:2 are offset in Catoscopium
(Table 1), thus the haplolepideous pattern may be as-
sumed as the “typical” or “basal” for this genus. This
result agrees with the previously published molecular
phylogenetic analyses (Quandt et al. 2007, Stech et al.,
2012; Inoue & Tsubota, 2014; Wahrmund et al., 2010),
as well as the analysis shown in Fig. 12 & 13. At the
same time, this position of Catoscopium is close to the
divergence point of mosses into the three main lineages:
haplolepideous, diplolepideous-alternate and diplolepi-
deous-opposite groups (cf. Fig. 6) and Timmia.

Therefore the occurrence of the three basic patterns
was the subject for a search within Catoscopium.

1. The haplolepideous pattern (4:2:3) occurs at the
level of the distal third of teeth in all series obtained,
except those where amphithecial cells were homogeneous
and peristomial layers were not recognized at all. At the
level of transition from 2:2:1 to 4:2:2, the haplolepideous

Fig. 8: lllustrations of the reduction patterns by three parts of peristome of Catoscopiumin interval 10-60 um, then 100-130 um
and 160-240 uwm from top. Upper part shows presence on 4:2:3 pattern (green boxes) and rarer 4:2:4 opposite pattern (purple
box), while in the proximal part of peristome 4:2:4 alternate pattern (blue boxes) occurs among prevailing 4:4:4 pattern (hatched

boxes).
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Fig. 9. Podperaea krylovii: developing peristome structure shown as a series of 50
RGB-coded cross sections, thus comprising 100 wm, in the upper part of teeth, corre-
sponding to stages shown in Figs. B-F. Note the invariable number of PPL cells. The
displacements of anticlinal cell wallsin IPL against thosein PPL are characteristic to
diplolepideous alternate type, although many cell walls are aligned in distal part of
the peristome and 2-3 aligned cell walls remain in its middle part.

A
=
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Fig. 10. A, B, C: selected sections from series of three Catoscopium developing sporophytes (cf. Table 1), at distance ca 50 um
between A and A’, etc.). For each octants the perostomia formula is evaluated and marked in green for 4:2:3; blue for 4:2:4
alternate and purple for 4:2:4 opposite. Black dot in the color circle indicates approximate eval uation.

color pattern is maximally expressed (Figs. 7-8), although
in different series the 4:2:3 pattern is not equally clear.
Comparison of the series shown in Figs. 7 and 8 demon-
strates that in the former this 4:2:3 pattern is expressed
in more places than in the latter (cf. also Fig. 10A,C and
Table 1). Other examples of poorly expressed haplolepi-
deous pattern are shown in Fig. 4E, 10B.

Note that the ‘haplolepideous’ lineages of moss evo-
lution, represented by Dicranales s.1. (incl. Pottiales),
Grimmiales, Bryoxiphales, Scouleriales, are character-
ized by the haplolepideous peristome structure, 0:2:3 in
general, but in some rare cases short exostome teeth are
formed and then peristome formula is 4:2:3, with the
exostome having a median line, i.e. being thus diplol-
epideous. One case of this kind is described by Edwards
(1979), for Hypodontium. Thus the ‘haplolepideous lin-
eage’ may include groups with diplolepideous peristomes,
albeit this is a rare case. In ca. 99% of species of ‘haplol-
epideous lineage’, in the course of maturation, the haplol-
epideous peristomes are reduced to a 0:2:3 pattern, with
implies the total loss of the exostome.

In the proximal part of peristome (Figs. 7-8) the 4:2:3
pattern is obscured by additional divisions in all the peris-
tomial layers and due to partial displacements of IPL cells
to positions offset relative to PPL anticlinal cell walls
(Fig. 10C). Interestingly, the total cell number in three

peristomial layers keeps the 4:2:3 proportion: in eight
series proximal sections have: 35:18:24, 42:21:28, etc.
Additional divisions were found to be common in
Ditrichaceae by Shaw et al. (1989b), resulting in a for-
mula of 4:2:4-6. Approaching formally to the diplolepi-
deous-alternate formula, Ditrichim and Dicranum are
characterized by no or very slight displacement of anti-
clinal cell walls between octants, which borders are mark-
edly aligned with anticlinal cell walls of all three peris-
tomial layers. Four out of eight such patterns continue
into rays of the fundamental cross, still recognizable in
endothecium.

2. The diplolepideous-opposite pattern (4:2:4) at the
level of the distal part of the developing peristome ap-
pears “as a mirror” from the previous, 4:2:3 one: if a
division is not distinctly offset, it is either perfectly aligned
or subaligned (slightly offset), but the latter still leads to
the scenario as it would be if they were perfectly aligned
(cf. example in Fig. 11D, F). In the distal third of the
peristome of Catoscopium the ‘aligned pattern’ appears
in various places, where the first division in the IPL has
happened not “enough unequal” to preclude the subse-
quent division in the smaller daughter cell. Usually
aligned and subaligned patterns occur in 1-2, rarely in
3-4 octants (Fig. 4, 7-8, 10). The exceptionally homoge-
neous pattern, mentioned as presented in two series, leads
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A(f
1:1:1
111
3:2.2
3:2.2
3:2.2
[4:2:3]
4:2:3
4:2:3
4:2:3
4:2:3
4:2:3
4:2:3
4:2:3
534
6:3:4

B (i)
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321
4:2:2
4:2:2
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4:2:4
4:2:4
4:2:4
4:2:4

2:2:2
4:2:1
2:2:.1

2:.1:1
2:.1:1
322
4:2.2 322
4:2.3 322
[4:2:3] 4:2:3
4:2.3 422
4:2.4 4:2.3
4:2.4 423
534 423
534 422
534 422
6:3.4 422
4:3:3 423
4:2.3 433

2:2:1
2:2:.1
321
4:2:2
4:2:2
4:2:2
4:2:3
4:2:3
4:2:3
4:2:3
4:2:3
4:2:3
5:3.3
4:2:2
5:2:2

2:2:1
2:2:1
4:2:2
4:2:2
4.2:3
4:2:3
4.2:3
4:2:2
4:2:2
4:2:2
4:2:2
4:2:2
4:3:.3
322
4.3:3

2:2:1
2:2:1
2:21
2:2:2
4:2:2
4:2:3
4:2:3
5:2.4
4:.2:4
4:2:2
322
322
4:3:3
4.2:3
4.2:3

2:2:1
2:2:1
3:2:2
4:2:3
4:2:3
4:.2:4
4:2:3
324
324
4:2:3
4:3:3
4:.2:4
4:2:3
4:2:3
4:2:3

2:2:1
2:2:1
4:2:2
4:2:2
4:2:2
4:2:2
4:2:3
4:2:3
4:2:3
4:2:3
4:2:3
4:3:3
4:3.4
4:2:3
4:2:3

4:2:1
4:2:1
4:2:3
4:2:2
4:2:2
4:2:4
4:2:4
4:2:3
4:2:3
4:2:3

4:2:1
4:2:1
4:2:2
4:2:2
4:2:2
4:2:4
4:2:4
4:2:4
4:2:4
4:2:4

321
4:2:1
4:2:2
4:2:3
4:2:4
4:2:4
4:2:4
4:2:4
4:2:4
4:2:3

4:2:1
4:2:1
4:2:2
4:3:3
4:3:3
4:3:3
4.2:4
4.2:4
4:.2:4
5:2:.3

321
321
4:2:3
4:2:2
4:2:2
4:2:3
4:2:3
4:2:3
4:2:3
6:3:6

3:2.2
4:2:2
4:2:2
533
5:2:2
4:2:4
4:2:4
4:2:4
4:3:3
534

4:2:1
321
2:2:1
4:2:2
324
4:2:2
4:2:3
4:2:3
4:2:4
4:3:3

C (b)
221

.2 4:2:3
2:2:1

4:2:3

321
321

2:2:1
2:2:1

221 2:22a 321 321
4:2:20 2:2:.2a 32220 3:2:.20

D (d)

01 01 01 0.1 01 01 01 01 1

221 221 221 221 221 221 221 221 42
4:2.2 422 422 422 422 422 422 422 108
4:2.2 423 422 422 422 423 423 423 126
4:2.2 423 422 422 422 423 423 423 150
4:2.3 423 424 424 422 423 423 423 164
4.2.3 423 424 424 422 423 423 423 188
4:2:3 423 424 422 423 423 423 423 218
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E(N)

4:2:2a 4:2.2a 32220 4220 42220 3:2.20 4:2.20 2:2:2a
4:2:20 4:2.20 32220 4:2.20 4:2220 4220 4:2.3 4:2:20
4:2:20 4:2.3 4220 4220 42220 4220 4.2.3 4220
4:2:3 422 322 642 422 322 322 422
4:2.3 532 322 634 424a 4:.2:3a 4230 422

F(a
2:2:1
321
4:2:2
4:2:2
4:2:2

2:2:.1
4:2:1
4:2:3
4:3:3
4:2:2

2:2:.1
2:2:1
4:2:2
4:2:2
4:2:3

2:2:.1
4:2:1
321
321
323

2:2:1
322
4:.2:4
523
4.2:3

221 221
322 421
[4:2:1] 3:2.1
[4:2:2) 4:2:2
4:2:2 422

2:2:1
321
4:2:2
4:2:2
3:2.3
4:2:4
4:2:4

4:2:3
4:2:3

4:2:2
4:.2:4

4:3:2
4:2:2

5:2:3
4.2:3

323
4:2:2

4:2:3
4:2:3

4:2:2
4:2:4

G(h)

321 221 421
4:2.20 421 421
4:2:20 3:2.20 2:2.3
4:2.3 322a 2:2.3
4:2.3 323 423
4:2.4 223 424
4:2.4 423 424
4:2.4 423 434
4:34 424 434
4:34 424 424
6:34 624 624
534 434 423
434 434 633
534 634 623
744 624 535
844 T24 423
6:44 T44 553
6:44 844 444

2221 221 221 221 221
2221 421 221 422a 221
4:2.20 4:2:.2a 3:22a 3221 221
2:2.2a 4:2:2a 4:2:.2a 3:2:2a 2:2.2a
4:2.3 423 4220 423 422a
4:2.3 423 423 423 422a
524 423 423 323 323
4:34 533 423 324 423
544 424 623 424 533
544 434 522 424 534
4:34 434 423 424 533
4:34 534 523 424 633
534 544 423 424 623
6:34 444 424 424 633
4:2.3 444 434 524 424
4:2.2 544 424 524 423
444 534 423 423 434
4:3.3 523 423 433 434
6:44 T43 434 623 523 423 423 544
4:.2.3 643 643 424 634 433 434 423
Table 1. Peristomia formulae for each of eigth octants of the
studied sporophytes of Catoscopium. Formulae are shown with

distanse 10 um one from another, if otherwise is not specified
[number at the right margin in D series).

to a strong peristomial reduction, likely similar to the
example shown in Fig. 4G. Almost all anticlinal divi-
sions are aligned in those cases.

In the proximal parts of the peristome, the color-
pattern corresponding to 4:4:4 (cf. Fig. 5) appears to be
sporadic in 4 octants (Fig. 8). This pattern however can
be a result of at least two developmental pathways: (1)
either it is a continuation of 4:2:4-opposite pattern by
additional divisions in PPL (like e.g. in Splachnum, cf.
Schwartz, 1994), or (2) develops from 4:2:3 in those
parts of circumference where cells underwent addition-
al divisions, being one of restrictions derived from the
RGB performance method, with the peristome subdivi-
sion into 64 sectors. Having not a full resolution of the
sequence of cell divisions, the 4:4:4 areas in Fig. 8 re-
veal an interesting aspect, showing that the 4:4:4 pat-
terns are expressed in opposite sides of the capsule, be-
ing determined likely by the urn curvature. Note that

additional divisions in PPL make the current method
unable to differentiate the principal structure of 4:4:4
based on aligned anticlinal cell walls and pattern formed
due to additional divisions. This question has to be ad-
dressed specifically in each case where problems with
its interpretation appear. In Catoscopium the 4:4:4 pat-
tern is represented in Fig. 8 in hatched frames; howev-
er, a close up view demonstrates its variable nature, not
similar to that of e.g. Splachnum.

3. The diplolepideous-alternate patterns appear in
Catoscopium peristomes closer to the base (Figs. 8, 10).
Their occurrence is partly affected by irregular displace-
ments, thus it might be assumed as a noise that is caused
by an inappropriateness of the method; however, at plac-
es it has much in common with the pattern observed in
Bryum (Shaw, 1989a). Fig. 4F shows the early displace-
ment of the IPL cells relative to anticlinal cell walls in
PPL, including those four formed at the beginning of
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E
111

11

Fig. 11. A-B, Podperaea krylovii, sections (20 and 50 um from the upper point where peristomial layers become discernible), showing
development of 4:2:4 (diplolepideous-alternate) pattern through the stage of 4:2:3. C-F, Catoscopium nigritum, selected parts of sec-
tions, showing typical transition from 4:2:2 offset (C) to 4:2:3 (E), and lesscommon transition from 4:2:2 aligned (D) to 4:2:4 aligned (F).

H_H_F
1l

sporophyte formation and forming its ‘basic cross’, of
aligned quadrant at the earlier stages. In all cases where
it has been studied, including Aulacomnium heterosti-
chum (Blomquist & Robertson, 1941), Bryum bicolor
(Shaw et al., 1989a), and Podperaea krylovii (Fig. 10),
the early stages of development are characterized by
the numerous divisions in IPL, so its cells become much
smaller than cells in PPL, and these active divisions
and local growth are associated with displacements,
which do not occur usually in diplolepideous-opposite

and haplolepideous peristomes. However, contrary to
the diplolepideous-alternate mosses, in Catoscopium ad-
ditional divisions involve not only IPL, but also PPL
(resulting, as it was noted above, in retaining the over-
all 4:2:3 formula, as in the ‘classical’ variant, the
32:16:24).

Summing up, the haplolepideous peristomial formu-
la, 4:2:3, should be accepted as basic for Catoscopium
due to prevailing offset divisions at the transition from
2:2:1 to 4:2:2 in most studied capsules, and presence of
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some cross section series almost totally composed of oc-
tants with 4:2:3, including one where a complete series
of developmental stages is present, starting from the two-
cell-layered amphithecium. However, deviations are nu-
merous, and as it makes the structure less regular, it can
be called a reduction, as commonly used in bryological
literature.

Reduction of Catoscopium peristome involves at
least two trends: additional divisions in all peristomial
layers and aligned instead of offset divisions at the stage
changing formula from 2:2:1 to 4:2:2.

Additional divisions in the IPL were found also in
Ditrichum (Shaw et al., 1989b) and Glyphomitrium (Es-
tébanez et al., 2006), showing a certain parallel with the
diplolepideous-alternate pattern. An increase in PPL cell
number is known in some diplolepideous-alternate
groups, e.g., it is well known in Bryum angustirete and
B. arcticum and correlates with (and is likely caused by)
an adjoining of exo- and endostome. The fused structure
may be considered as a reduction as it is associated with
the loss of cilia, reducing hygroscopic ability which is
well performed in Bryum species with complete, or per-
fect, peristomes.

A trend from unequal divisions in the IPL to equal
ones occurs occasionally in some octants in developing
peristomes of Catoscopium (Figs. 10, 11C-F). It seems
that parallel changes occur in Ephemerium, Tetraplodon
and Splachnum (Schwartz, 1994) and Dichelodontium
(Magill, 1987): according to the molecular phylogenies
these taxa do not belong to groups with diplolepideous-
opposite peristomes, but such peristomes are, however,
present in these genera. In all cases this is correlated
with overall sporophyte reduction (Ephemerum), or with
considerable reduction of hygroscopic peristomial move-
ments, especially strongly modified in Splachnum and
Tetraplodon due to their unusual spore release by a slow
pushing off by a specific false columella (Demidova &
Filin, 1994).

Coming back to questions asked in the beginning of
the study, “is it possible to recognize the basic peris-
tome formula in irregularly developed peristomes of Ca-
toscopium?”, the answer appears to be more complicat-
ed than just yes or no. It comes out that the 4:2:3 for-
mula occurs at the earlier stages of development in
Catoscopium, but this pattern is not 100% specific for
haplolepideous mosses. Diplolepideous-alternate peris-
tomes pass through the stage of 4:2:3 (Fig. 11A-B), and,
probably even more important is the presence of this
pattern in Disphyscium (Shaw et al., 1987). Shaw et al.
(1989b) challenged the idea that this stage is character-
istic for the diplolepideous-alternate mosses, as has been
noted for Aulacomnium by Blomquist & Robertson
(1941). According to the former authors this is no more
than a very short transitional stage in the early devel-
opment, as they found for the Bryum species (Shaw et
al., 1988). Although this principally agrees with what

we found in Podperaea, the 4:2:3 stage in Podperaea
is more or less invariably formed and gradually transits
to the 4:2:4-alternate pattern (Fig. 11). The explana-
tion for this difference may depend on the slightly less
developed peristome in Podperaea compared to Bryum:
the former has (0-)1(-2) cilia, instead of usually 2-4 in
Bryum. In Podperaea, subsequent divisions result in
shifting of anticlinal cell walls in between octants to
the offset position, a characteristic of diplolepideous-
alternate mosses. In Catoscopium the 4:2:4-alternate
pattern is also not rare, especially close to the middle
and basal parts of teeth, although occasionally appear-
ing in the distal part or developing peristome as well
(Fig. 10).

Subsequent swelling of PPL cells is considered to be
the most important advanced character of diplolepideous-
alternate peristome (Shaw et al., 1989b), differentiating
it from the haplolepideous mosses with additional divi-
sions in IPL. Middle stages of development might look
more or less similar in Catoscopium and Podperaea (cf.
Figs. 4 and 9), although further towards the peristome
base, the swelling is more conspicuous, and more addi-
tional anticlinal divisions occur in the IPL.

This overall differentiation of basic peristome types
poses a question of their classification: what is the cru-
cial for that? Either later stages, as argued Shaw et al.
(1989b), or the youngest one, at a level of transition
from 2:2:1 to 4:2:2, suggested as the most important in
the peristome analysis of the genus 7immia (Budke et
al., 2007) where later stages comprise swelling (Mur-
phy, 1988), obscuring the originally aligned cell ar-
rangement.

Of course, it can be concluded that divergence in peris-
tome development between the diplolepideous-opposite
type (including Funaria-type, Timmia-type, etc.) and all
other types happens earlier, when 2:2:1 develops to 4:2:2,
where IPL division can be either offset or aligned, whereas
the divergence between haplolepideous and diplolepi-
deous-alternate types becomes apparent at a slightly lat-
er stage of peristome development. This scenario nicely
corresponds with the majority of phylogenetic trees (e.g.
Newton et al., 2000; Cox et al., 2010). However the case
of Diphyscium makes the situation more complicated:
being basal in arthrodontous mosses, it has a very clear
4:2:3 stage, although later it is modified to strongly swell-
ing pattern.

Taking into account the aforementioned observations,
including the distribution of peristomial structures along
the moss phylogeny (Figs. 12 & 13), the subordinate po-
sition of the 4:2:3-pattern as being characteristic for
haplolepideous mosses can be challenged. The further
parallel was drawn by Shaw et al. (1987) with Tetraphis,
which also has an offset divisions rather than aligned
ones at the transition from 2:2:1 to 4:2:2 (although later
its developmental pattern changes). Accepting this point,
the 4:2:4 opposite pattern can be reconsidered as a re-
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100 = Bryum capillare
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100 r— Splachnum ampullaceum
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E[: Ditrichum cylindricum
% | 1 '~ Ceratodon purpureus
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100 Ehphanorrhegma serratum
004 ke Physcomitrium lorentzii

Funaria hygrometrica
Discelium nudum

Timmia megapolitana

0.73

Diphyscium foliosum

Buxbaumia aphylla
— Tetraphis pellucida

L Polytrichum juniperinum

Qedipodium griffithianum

Takakia lepidozicides

Sphagnum sericeum

Fig. 12. The best RAXML likelihood tree obtained from the concatenated rps4 and nad5 sequences (data set 1), for the genera
included in the peristome development studies (marked by color), supplemented with representatives of other families, not in-
cluded in the morphological studies (those are without color marks). Posterior probabilities (>50) are shown below the branches
while Bootstrap support (>50) is indicated above branches. 4:2:4-alternate pattern is attributed to Mittenia basing on Fig. 40 in
Stone (1961). Pink color mark lineages to 4:2:4-opposite pattern, green to 4:2:3 pattern, blue to 4:2:4-alternate one. Families

without arthrodontous peristomes are in black.

duced one. The obvious cases of reduction in Ephemeri-
um, Tetraplodon, Splachnum and Dichelodontium were
mentioned, but then the question is raised, if the ‘true di-
polepideous-opposite” mosses are so strongly different from
them? Five orders belong now to this ‘true diplolepideous-
opposite’ group: Gigaspermales, Funariales, Disceliales,
Encalyptales and Timmiales. Among them, Gigaspermales
have no peristomes at all, Disceliales with a single species
have a peristome which provides only slow and limited
hygroscopic movements. Peristomes of Encalyptales are
quite passive, because hygroscopic movements are not re-
ally needed under the cover of giant campanulate calyp-

tra, when many species apparently start spore release.
Complex and hygroscopically active peristomes occur in
two orders, Funariales and Timmiales, both with a single
family. Moreover, in Funariaceae most taxa either lack, or
have only poorly developed peristomes, so only within the
one genus Funaria, albeit a widespread one, the diplolepi-
deous-opposite peristome functions in spore release, and
again only in about a half of species it is fully developed.
Timmiaceae is the only family where all species have per-
fectly hygroscopic and xerocastique peristomes, but these
species are few, less than ten in the world (Tropicos, http:/
/Www.tropicos.org/namesearch.aspx).
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Fig. 13. The inferred maximum likelihood topology (RAXML) obtained from a concatenated data set of 7 loci (data set 2)
spanning 4 region of the chondrom (cobi420, nad?2 with nad2i156, nad5 with nad51753, nad5-nad4 intergenic spacer (IGS)) and
three from the plastome (vbcL, rps4, trnL including a group I intron). Posterior probabilities (>50) are shown below the branches
while Bootstrap support (>50) is indicated above branches. Pink color mark lineages to 4:2:4-opposite pattern, green to 4:2:3
pattern, blue to 4:2:4-alternate one. Families with nematodontous peristomes are in black, and lineages within arthrodontous

mosses lacking peristomes in any families are in grey.
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Further observations may confirm if the loss of un-
equal divisions at the transition from 2:2:1 to 4:2:2 is the
main reason for peristome reduction among other moss
groups. However the great role of asymmetric cell divi-
sions in differentiation of plant body is well known (De
Smet & Beeckman, 2011), thus relaxation of this pattern
may naturally lead to the simplification or at least build-
ing of less constructively perfect morphology.

The position of Catoscopium in moss phylogeny is es-
pecially interesting: if its peristome development is based
of 4:2:3 pattern, it should be considered as the most an-
cient moss with a more or less developed peristome in-
volving asymmetric cell divisions for tooth formation, as
the still phylogenetically earlier case of Diphyscium (Figs.
12 & 13) sharing this pattern does not develop any teeth.
An interesting fact is also that Catoscopium retains an
ability to keep a largely “unspecialized’ type of peristome
development, easily shifting to the diplolepideous-alter-
nate and the diplolepideous-opposite patterns (Fig. 10),
quite justifying its position near the cross-road of moss
evolution. The question remains why a shift to the haplol-
epideous peristome type occurred, i.e. pronouncing the
endostome instead of the exostome (as in Catoscopium),
which resulted in a major radiation of mosses.
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Appendix 1. Sequences used for a small taxon subset consisting only of genera used for peristome development studies supple-

mented with eperistomate Sphagnum and Takakia (data set 1).

Species

Sphagnum sericeum
Takakia lepidozioides
Oedipodium griffithianum
Polytrichum juniperinum

Buxbaumia aphylla
Tetraphis pellucida
Diphyscium foliosum
Aphanorrhegma serratum
Funaria hygrometrica

Physcomitrium lorentzii
Discelium nudum
Timmia megapolitana
Ephemerum serratum
Archidium donnellii
Ditrichum cylindricum
Mittenia plumula
Trematodon longicollis
Catoscopium nigritum
Ceratodon purpureus
Dicranum scoparium!
Glyphomitrium daviesii
Tetraplodon mnioides
Splachnum ampullaceum
Bartramia halleriana
Bryum bicolor

Bryum capillare
Podperaea krylowii
Dichelodontium nitidum
Schlotheimia torquata
Aulacomnium turgidum

GenBank accessions
nad5 with nad5i753
AY309571

AJ291553
AY312880

GU56958

AY312872
AJ224855
AY312874
AY908931
798959

AY908933
AY908956
AY312890
AY908848
AY908972
AJ291559
N.A.

N.A.
AY908927
AY908862
AY908884
AY908895
AY908376
EU095308
798961
DQ640119
DQ640122
N.A.
AY452347
AY 618409
AY312869

rps4
AY309717
AB299143
AF306968
EU927342

AY137677
AY908021
AF223034
AF223047
JNO088980

AF223046
AF223063
AF478287
AY908061
AF223054
AY908125
AF306999
AY908087
AF307001
AB848717
AF234158
N.A.
AY499644
AY499621
AF265358
DQ294323
JF277331
KT388714
AY 449664
AY908005
AF023809

Reference for anatomy study

Shimamura & Deguchi, 2008
Reynolds Vaizey, 1888 (Polytrichum formosum)
and Wenderoth, 1931 (P, juniperinum).

Shaw & Anderson, 1988

Shaw et al., 1987

Schwartz, 1994

Shaw et al., 1989a

Schwartz, 1994 (F. hygrometrica and F. flavicans)
Schwartz, 1994 (P. pyriforme)

Shaw & Allen, 1985

Budke et al., 2007

Schwartz, 1994

Snider, 1975b (4. ochioense)

Shaw et al., 1989b (D. lineare and D. pallidum)
Stone, 1961

Shaw et al., 1989b

present paper

Evans & Hooker, 1913

Shaw et al., 1989b!

Estébanez et al., 2006 (G. humillimum)
Schwartz, 1994

Schwartz, 1994

Saito & Shimoze, 1955 (B. crispula)

Shaw et al., 1989a

Shaw et al., 1989a (B. pseudocapillare)

present paper

Magill, 1987

Goffinet ef al., 1999

Blomquist & Robertson. 1941 (4. heterostichum)

1 —dmilar anatomy has been found for D. condensatum and D. rhabdocarpum (Shaw et al., 1989b) and D. japonicum (Saito, 1956).
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