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Folioceros appendiculaus, nonepeyHbin Phaeoceros bulbiculosus, Bua Tannoma c
/ AOop3anbHOU CTOPOHDI

CXU30reHHasA 3
nonocTb Dendroceros breutelii,
OAHOCJIOMHbIN Kpaun

pusona Tanmnoma

BbipocTbl
Tannoma Ha
nepdopauumn

1 nnactnpga B
Ka)XXOom KrieTke

Dendroceros javanicus, N\\® YcTbuue?
Tanmnom O, 2009 Dendroceros sp., OprowHas annaepma cpe3 Tannoma
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OTKPbITOE YCTbULIE

Dendroceros crispatus: crioesuule c
HUXKHEN CTOPOHbI

CTpPenkn — KornoHum Nostoc



Folioceros dixitianus
NMHpun, 3anagHble MaThbl

KonoHuu
Nostoc



o o ~ (C) Leiesporoceros dussii (Steph.) Hassel. Bifurcating strands of Nostoc parallel the main
axis of the thallus (red arrows) in a female plant with one sporophyte. A dashed line across represent the transverse
section presented in Figure 4D, two opposite arrows represent the two individual strands in Figure 4D. Bar =2mm.
(D) Leiosporoceros dussii (Steph.) Hassel. Transverse section of a mature thallus with two central Nostoc canals (red
arrows) at the level of represented by dashed lines in Figure 4C. Bar = 75pm. (E) Higher magnification of a canal with
Nostoc (blue-green filaments), note the abundant cyanophycian granules {Cg) in the individual cells (see Villarreal &
Renzaglia, 2006 for ultrastructural features). Bar = 10pm.

The homworts: important advancements
in early land plant evolution

luan Carlos Villarreal A Karen S. Renzaglia®

Journal of Bryology 2015

Hornworts are arguably the oldest land plant line-
age with a widespread symbiosis with cyanobacteria.
Most hornwort spedes develop globose Nostoc colo-
nies inside their thalli and multiple re-infections
occur throughout their life span. The sole exception
is Leiosporoceros that has bifurcating strands of
Nostoc locked inside the thallus, potentially enhancing
the transfer of metabolites between partners
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& The hornworts: important advancements

Megaceros pellucidus

Megaceros sp.

Megaceros leptohymenius
Dendroceros crispus
Dendroceros validus
Nathoceros vincentianus
Neothoceros aenigmaticus
Nothoceros fuegiensis
Nothoceros giganteus
Phaeomegaceros hirticalyx
Phaeomegaceros coriaceus
Phaeoceros carolinianus China
Ph. earolinianus New Zealand
Ph. carolinianus Panama

Ph. caralinianus Ascension Island
Phaeoceros laevis
Phaeocerons dendroceroides
Neotothylas javanica
Neotothylas orbicularis
Paraphymataceros pearsonii
Anthocerossp.

Anthoceros lamellatus
Anthoceros laminiferus
Anthoceros punctatus
Anthoceros agrestis
Anthoceros fusiformis
Folieceros fuciformis
Folioceros glandulosus
Lelosporoceros dussii

\E.-L" Juan Carlos Villarreal A.", Karen 5. Renzaglia®

a2 in early land plant evolution

Journal of Bryology

MUCOROMYCOTINA
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Dendroceros tubercularis:
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Phaeoceros carolinianus
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A synthesis of hornwort diversity: Patterns, causes and future work

Bce fO.: OKOJ10 250 BMaoB TUAN CARLOS VILLARREAL', D. CHRISTINE CARGILL?, ANDERS HAGBORG’, LARS

SODERSTROM' & KAREN SUE RENZAGLIA®

Proportion of hornwort species in the different genera across regions of the world. Size of the pie diagrams

reflects the total number of species in that area (maximum 21 species).



Phaeoceros carolinianus
Phaeoceros laevis

YCTbULIE HA CTEHKE
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Y 1 only after stomatal opening that the liquid in the ISs begins gradually to dry out (d-f) (arrows in d and f indicate gas-filled
&= spaces). Scale bars: (a) 100 pm; (b~f) 50 pm.




sun subepidermal plastids in tangential view
we plastids

wes MUCilage

=== dried down mucilage

=== fluorescent material

= \Wax rodlets

Figure 10 Schematic representation of stomatal ontogeny in hornworts; cont. from Fig. 9. a) Two spherical chloroplasts near
the surface of each of the guard cells (Fig. 2g). The mucilage in the intercellular spaces below the epidermis has dried down to
the cell corners but remains between the cells further inside the sporophytes (Fig. 7d, f); b) mature stoma with irregular
deposits of fluorescent wall material covering the external surface (Figs. 5h, i; 6h, I); wax rodlets lining the pore (Fig. 6]) and

chloroplasts lying along the inner walls of the guard cells (Fig. 2hj). Al the intercellular spaces are now gas-filled with dried-
down mucilage along the cell junctions (Fig. 8a, ).

Figure 9 Schematic representation of stomatal ontogeny in hornworts; tangential views (top) and transverse sections (bottom).
a) Nascent mother cells with a single spherical chloroplast (Fig. 1a); b) division of the mother cell chloroplast (Fig. 1 b-d); ¢

immediately before the longitudinal division of the mother cell the chloroplasts increase in size and migrate to lie side-by-side
centrally (Fig. Te); d) nascent stoma with each guard cell containing a single spherical chloroplast (Fig. 11); the initial stage in

aperture formation (Fig. 2a—) coincides with division of the subepidermal chloroplasts and the almost complete disappearance -

of the fragmented epidermal cell chloroplasts. Huge pl phic, starch-filled plasts in the guard cells. Fluorescent
additional wall material above the aperture (Fig. 51, g). Mucilage-filled intercellular spaces (Fig. 7a, c); f) pore formation coinciding
with division of the guard cell chloroplasts (Fig. 2d-f) and spread of fluorescent material over the external surface (Fig. 5h, i).

Stomatal differentiation and abnormal
stomata in homwaorts

Sibvia Pressel’, Tomasz Goral”, Jeffrey 6. Dackett!

Tre Matrai sévary M, London, U, imaping and sy Cpam, T Rt




Wilhelm
Hofmeister
(1824-1877)

npodeccop ergensbeprckoro u Tiob
WHIEHCKOro YHBEPCUTETOB, HauMHarn,
nas no crornam oTua, ¢ Toro, YTo
TOprosan My3blkanbHbIMK
MHCTpyMeHTamMu

XunsHb pacteHun, 1. 4, 1978

FametochuT (n)
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BO3MOXHble poACTBEeHHbIe CBA3U COCYAUCTDLIX paCTeHVIVI

ne4yeHo4yHukn (Marchantiophyta)

mxu (Bryophyta)

aHTOLIepOTOBbIE

cocyaucTtble
pacTeHus

Cocypuctble pacteHus (Tracheophyta)

- NpeobriagaHue cnopoduTta B XXM3HEHHOM LMKI1e

- 0ObIYHO CIOXHasa ructorniorndeckasa u mopdonorndeckas gupdepeHunaums
cnopoduTa, y COBPEMEHHbLIX POPM 0OLIYHO €CTb NOBErN N KOPHU

- NPOYHast KyTUKymna; cnoCcobHOCTb K CUHTE3Y CyDepuHa 1 NUrHMHa (cknepenasbl,
BOJIOKHA, mpaxearsibHble 351eMEHMbI).

- raMeTounTbl Ha TENOMHOM UK TasrsIOMHOM YPOBHE OpraHM3aumnm

- apXeroHnn Norpy>XeHbl OPIOLLIKOM B TKaHb rameToduTa (Y NPoABUHYTLIX POPM UX HET)
- criepmaTo3ounabl UICXO4HO MHOMOXIYTUKOBbIE (PeaKo BTOPUYHO 2-XKIYTUKOBLIE)

- 3a PeoKNMN UCKINYEHUSMU, TOMOUOTrMAPUYECKNE PacTEeHNS
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Cocypuctble pacteHus (Tracheophyta)

- NpeobriagaHue cnopoduTta B XXM3HEHHOM LMKI1e

- 0ObIYHO CIOXHasa ructorniorndeckasa u mopdonorndeckas gupdepeHunaums
cnopoduTa, y COBPEMEHHbLIX POPM 0OLIYHO €CTb NOBErN N KOPHU

- NPOYHast KyTUKymna; cnoCcobHOCTb K CUHTE3Y CyDepuHa 1 NUrHMHa (cknepenasbl,
BOJIOKHA, mpaxearsibHble 351eMEHMbI).

- raMeTounTbl Ha TENOMHOM UK TasrsIOMHOM YPOBHE OpraHM3aumnm

- apXeroHnn Norpy>XeHbl OPIOLLIKOM B TKaHb rameToduTa (Y NPoABUHYTLIX POPM UX HET)
- criepmaTo3ounabl UICXO4HO MHOMOXIYTUKOBbIE (PeaKo BTOPUYHO 2-XKIYTUKOBLIE)

- 3a PeoKNMN UCKINYEHUSMU, TOMOUOTrMAPUYECKNE PacTEeHNS



Sir John William Dawson
(1820-1899)

1859 - BnepBble onucan
ApEBHENLLNE UCKOMNAeMbIe
pacTeHusl, B TOM 4Yucne
Psilophyton princeps

N3 OTNOXEHUN

Gaspe Bay,

Quebeck, Canada
Bbin KpeauMoOHUCTOM,
KpuTukoBan [lapBuHa c
pPEenUruo3HbIX No3Muumn

/ Psilophyton

/ «NpaBUnNbHbINY

dawsonii

n3 Kenrick, Crane (1997)
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Oldest known mosses discovered in Mississippian (late Visean)

strata of Germany

Maren Hibers and Hans Kerp

Forschungsstelle fir Paldobotanik, Institut fiir Geologie und Paldontologie, Westfalische Wilhelms-Universitat Minster, Schlossplatz 9,

48143 Munster, Germany

ABSTRACT

The pre-Permian record of bryophytes is restricted to a very limited number of liverwort
occurrences in Middle and Late Devonian and in Pennsylvanian strata, and a putative liver-
wort from the Middle Ordovician. The paucity of bryophytes, notably the apparent absence of
mosses in the Carboniferous, is striking because this time interval is marked by the occurrence
of extensive wetland environments that likely provided ideal habitats. We report three types
of mosses from the Mississippian of eastern Germany that are the oldest unequivocal mosses
known to date. Although the material is fragmentary, these finds show that mosses formed
part of Carboniferous ecosystems. The moss remains were obtained by bulk maceration,
a method that is not commonly used for studying Carboniferous floras. We anticipate that
applying this method on material from other Carboniferous localities will show that mosses
were more widespread in the late Paleozoic than previously thousht.

GEOLOGICAL SETTING, AGE, AND
METHODS

The mosses described here were collected
from a roadcut of the A4 motorway near Chem-
nitz-Glisa, Saxony, Germany (50°5234.67"N;
12°95438.73"E), where an 80-m-thick succes-
sion of Mississippian sandstones, shales, and
occasional coaly layers of the upper part of the
Ortelsdorf Formation (Hainichen Subgroup,
Hainichen Basin) is exposed (Schneider et al.,
2005). The small Hainichen Basin (Fig. 1) is
filled with alluvial plain. alluvial fan. and fan

HecoMHeHHbIe cocyaucCTblie pacTteHus
n3BeCTHbl U3 CUJslypa n MmaccoBo
BCTpe4YaloTCA B AeBOHe.

JInwb 04eHb HEMHOIOYMCITIeHHbIE
Ne4YeHOYHUKN N3BECTHbI U3 [OEeBOHa, a MXM1
BOOOLe JOCTOBEPHO He OOHapYXXeHbI
ApeBHee KapOGoHa.

GEOLOGY, August 2012; v. 40; no. B; p. 755-758;

Figure 3. Mosses from
Visean of Gldsa. A: Type
l. Almost complete leaf
(KS27-074); scale bar =
100 pm. B: Type | frag-
ment (KS27-031); scale
bar = 50 pm. C: Type IL
Overview showing net-
work formed by darker
cells and fenestrae with
lighter colored cells
(KSgrPr-068); scale bar
= 100 pm. D: Detail of C
showing elongate cells
forming network; scale
bar = 50 pm. E: Type
Il. Bistratose fragment
with more elongate cells
(KS11-090); scale bar =
100 pm. F: Type lil. Elon-
gate cells with pores and
fibrils (K$11-029); scale
bar = 30 pm. G: Type lIL
Detail of F (fibrils), scale
bar = 10 pm. H: Type IlIL
Another form with short
cells with pores (KS27-
048); scale bar = 50 pm.
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FIGURE 4.18. Sporogonites exuberans. Drawings re-
produced from Halle 1936a (Figure 1), with permission.
(a) Sporangium (capsule) fragment showing five short
vertical slits (dehiscence features?) on the outer surface
(X2). (b) Sporangium terminal on slender axis (X2). (c)
Partial reconstruction of sporangium showing parts of
interior and exterior (X 7). Spore sac surrounds a central
sterile region (columella?).
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718 C. H.Wellman and J. Gray

The microfossil record of early land plants
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Figure 1. Stratigraphical range
chart for early land plant spore
morphotypes. Time-scale from
Harland et al. (1989). Regarding
annotation adjacent to the strati-
graphic column: the small ‘Cooksonia®
indicates the age of the earliest
unequivocal land plant megafossils,
the asterisks indicate the age of
important plant mesofossil
assemblages (i.e. Ludford

Figure 6. Hypothetical transformations invelved in the origin
of walled, non-flagellate spores, as they occur in modern
embryophytes by gain of sporopollenin (SP) in spore walls
(1), then loss of sporopollenin from sporocyte walls (2).

(@) The extant charophycean Colegchaete produces zygotes
having callosic (CA), cellulosic (CE) and SP layers, within

which develop flagellate, non-walled meiospores. (4) A
hypothetical intermediate stage in which diploid sporocytes
(that are homologous to charophycean zygotes) have resistant
walls, and produce walled, non-flagellate meiospores.
Persistence of the resistant sporocyte wall forms an envelope
around meiospore tetrads, preventing their dissociation. (¢)
Sporopollenin-walled, dissociated meiospores as they occur in
most embryophytes.

Lane-Pridoli; North Brown Clee
Hill-Lochkovian}. The dashed
time-line indicates the position of

the major change in the nature of
dispersed spore assemblages in the
Llandovery. The width of range bars
provides a very basic indication of
relative abundance to illustrate gross
changes in abundance through time.
Note that range bar width has no
quantitative implications. The taper
and question marks at the base of
range bars extending into the
Llanvirn indicate the age of the
earliest known spore assemblages
and do not necessarily coincide with
their first appearance, nor necessarily
with changes in abundance.



720 C.H.Wellmanand J. Gray = The microfossil record of early land plants I

LLleTrmmn — BeretatuaHuit

TAIOM

Figure 3. SEM images of dispersed early land plant spores. (a—i) From the type area for the Caradoc, Shropshire, England
(Caradoc, Late Ordovician) (Wellman 1996); ( j—m) from the Silurian inliers along the southern margin of the Midland Valley
of Scotland (early Wenlock, Late Silurian) (Wellman & Richardson 1993). (a) Naked, unfused, permanent tetrad ( < 2000};
(b,c) naked, unfused, permanent dyad ( x 1500); (d,e) naked, fused, permanent dyad ( x 1500); ( /~#) envelope-enclosed perma-
nent ?dyad ( x 1500); (i) envelope-enclosed permanent Pmonad ({ x 1500); () naked, fused, permanent tetrad ( x 1210); (k) loose
tetrad (x 1070); (/) laevigate trilete spore ( x 1380); (m) laevigate hilate monad ( x 1230).



Mid-FPalacozoe mesgfossils and the detection of early bryophiytes 1. Edwards 735

438 D) Pdwards  MRa-Polaapions Mesgiassiis and e gelection Jf eary Dryafityles

1 SEMs: Grisellatheca salopensis.
at bilurcation. Scale

Figure 2. (2 &) North Brown Clee Hill specimens, Shropshire. Lochkovian, Lower Devonian. (2 ¢
NMWAO4.76G.1. (2} Entire specimen with bilurcating terminal region. Scale bar= 100 pm. (§) Surl:
bar - 1um. (¢) fn s verrad with laevigare surface; Mherloterras, Scale bar - 10pm. (@) ‘Banded’ tube in fertile regiom (small
arrows) and remains of spore tetrad (large arrow ale bar = 10 pum, Longitudinal clements with irregular thickenings
from centre of axis. Scale bar= 10 um. (g) Possible clater. Arrow indicates spore terrad, Scale bar= 10um. (/) ‘Banded” tube
attached by amorphous matenal to surface of a Tortificaulis sporangium. NMWO6.5G.9. Scale 10 pm. (& k) *Cuticle
enclosed Hattened spore mass. NMWYOR 230G, (A) SEM: intact specimen. Arrow indicates possihle artachment s Scale
har= 100 pm. (i} SEM: isolated tetrad. Seale bar= 5pm. (7,4 tes possible apermueal
fold. Note sections through sporangial covering (top left) are of same optical density as outer layer surrounding cach spore.
Scale bar = 500 nm. (£) Trilayered exospore. Lightest layer wo outside. Scale bar = 100 nm.

row indic

Mz, () Part of a tetrad. /

Phil. Tans. B. Soc. Lond. B (2000

cuticle with adhering lacvigat
Scale bar= 100 pr A
(¢) TEM: walls of se 1 spure
(d-h) Cullulitheca richardsontt,
Scale bar = 100 pm. |
showing contact
Scale bar= 1 pm. |

a
NMWOO 108G (courtesy of K

: cluster of probably naked d

SEMs: Fusithera fanningiae. N MW7 426G .4 (1) Intact specimen, Scale bar - 100um. (j) Lae
ached to inside of sporangial wall. Scale bar -~ [0pm. (&) Naked bifurcating axis with vestiges of a terminal sporangium.

sdyads. NMWO7.42G.0. (a) 8

Note row ol voids cle
MW96.11G.6. (d)
in st laevigate dy
bar = 10pm. (#) TEM: homogencous

jons. Scale bar — 10 um. (g) SEM: single dyad
spore with some attached extra-exosporal material.

atedyads

ospore and envelope with veids. Arrow indieares

- Habgood]. (£) TEM: homageneous

ornament on spore. Dark line is gold coating. intact specimen. Swelling on axis is probably a

taphonomic artefact. Seale ba

spores. Scale bar= 10um. (n) §

Prid. Trans. R, Soc. Lond. B [2000)




Permanent spore dyads are not ‘a thing of the
past’ on their occurrence in the liverwort
Haplomitrium (Haplomitriopsida)

KAREN S. RENZAGLIA'™, BARBARA CRANDALL-STOTLER', SILVIA PRE!
JEFFREY G. DUCKETT? SCOTT SCHUETTE? and PAUL K. STROTHER*

Botanieal Journal of the Linnean Sociefy, 2015,

Figure 2. Scanning electron micrographs of dyads and a tetrad of the two populations of Haplomitrium gibbsiae. A,
Chilean dyad in side view showing flattened proximal and rounded distal surfaces. Tubercles with caps decorate the distal
surface with small holes on the wall between. Arrow indicates cap that detached during specimen preparation. B, Chilean
tetrad showing dyad arrangement. Arrow indicates entire tubercle that detached during specimen preparation. C, Distal
surface of New Zealand dyad showing tubercles that are continuous across spore boundaries. D, Flattened proximal
surface of New Zealand dyad with reticulate sculptoderm and small irregular upright rods. Arrow indicates exine
elements connecting the two spores and arrowhead points to dense central reticulum of exine elements. Bars, 10 pm.
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FIGURE 4.10. Reconstruction of distal
parts of Uskiella spargens showing
terminal spatulate sporangia with distal
isovalvate dehiscence on isotomous
branching axes (X1). Redrawn from Shute
and Edwards 1989, Figure 71.



CemeiictBo Cooksonlaceae
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Figure 1. Stratigraphic ranges of fossils mentioned in text. 1, permanent (obligate) tetrads + envelope; 2, permanent dyads +
envelope; 3, hilate monads; 4, trilete laevigate monads; 5, ornamented trilete monads; 6, cuticular sheets (cf. Nematothallus);
7, sporangial cuticles; 8, stomata; 9, associations of tubes, solid line only indicates presence of banded tubes; 10, tracheids;
11, bifurcating axes of ?tracheophyte type; 12, Cooksonia/Rhyniopsida; 13, Lycophytina sensu lato; 14, zosterophylls;

15, Trimerophytina.
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Rhynie chert
(400 maH ner)

CoBpeMeHHbIn aHarnor: Yellowstone
National Park




The Rhynie chert was
discovered in 1912 by

Dr William Mackie,

a medical practitioner from the
town of Elgin to the north of
Rhynie

Dr Robert Kidston
Bmecte ¢ Henry Lang
nepBbIMU HAy4YHO
onucanu McKonaemble B
1917

Dr Geoffrey Lyon
BO3pOAWU UHTEpeC

K Mmatepuany n3s Rhynie
B 1950 rr. v onuncan

npopacTaHue cnop,
MONoXuB Havyano
MOHUMaHWIO KN3HEHHOTO
LIMKNa uckonaemabix



n3 Kenrick, Crane (1997)

OTO TOSIbKO HEKOMOPbIE U3 pacTEHUN, HaNLOEHHbIX B
Rhynie chert.

HekoTopble (He N300paxkeHHble 3aecb) pacTeHus us PanHu onncanbl
TONbKO B nocrnefHue roabl!

Bce HangeHHble 30€eCb BbICLUME paCcTEHUS —
cocyauctbole. MoxoobpasHbix HET!



Aglaophyton
mayjor
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FIGURE 4.7. Aglaophyton (Rhynia) major. Drawings
based on D. S. Edwards 1986, Figure 57, and Kidston and
Lang 1921, Plate 1. (a) Details of sporangium, including
view of interior; no columella present (X 3). (b) Reconstruc:
tion of habit: terminal, fusiform sporangia; rhizomatous
axes with clusters of unicellular rhizoids (x0.8).










Aglaop‘hy;fon



Aglaophyton



Aglaophyton
major



rmaopouabl MOXOOOpa3HbIX

Konb4aTtas u cnnpanbHas
Tpaxenabl COCYAUCTbIX PacTEHWUI




Lycopodium Aglaophyton  Anthoceros



terminal
sporangia

dichotomous, _____
chlorophyllous
axes

rhizomatous
axes

Arbuscular mycorrhizal colonization by Glomeromycetes (paramycorrhizae) in aerial and rhizomatous
axes of the Rhynie chert plant Aglaophyton major. (a) General shape of the plant. (b) Colonized cortical cells of A.
major showing intracellular arbuscules (white arrows) in turgid cells (photo courtesy of H. Kerp). (c) Hyphae and

vesicles in the cortex of an aerial axe of A. major (photo C. Strullu-Derrien). Scale bars: (b) = 20 m; (c) = 40 m.
Selosse, Strullu-Derrien (2015).



Aglaophyton:
[TonepeyHbIN cpes3 BCKPbIBLLETOCA CNOPaHIrna ¢ Harnerawwmumm gpyr Ha gpyra Kpasamu



Aglaophyton:
[TpogonbHbIN cpes3 cnopaHrns ¢
OTBEPCTMEM, NPOrpbI3EHHLIM
Hen3BeCTHbIM outodparom






Lyonophyton = rametodput Aglaophyton:
npopacTaHne Crnopbl N paHHUe cTaguu
pa3BUTUA rameToduTa
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Fig. 1. Life history of A. major/L. rhyniensis showing stages in the develop-
ment of the dimorphic gametophytes. The mature sporophyte (lower left)
bears sporangia with spores of two types. Blue spores develop into mature
antheridiophores; orange spores develop into archegoniophores.



Lyonophyton
(rametocput Aglaophyton)

OoTMepLUMe OCTaTKK
Asteroxylon (opeBHeNLlee
nnayHoBWAHOE)
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