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The origin of hornworts dates back to 450-500 Mya (but extant diversity <100 my).
This rather ancient origin suggests that hornworts had a long time for evolutionary
diversification and hence great morphological and perhaps taxic diversity. This did
not happen, or at least the extant diversity is low + 200 species.
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Etymology: horn-like sporophyte!

Vegetative body (gametophyte):

Hornworts: least diverse lineage of bryophytes

always thalloid/ribbon-like like some liverworts
bilaterally symmetric
lateral appendages lacking but margin can

be incised (function?) or perforated.
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Nothoceros sp.
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Vanderpoorten & Goffihet 2009
Dendroceros
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The growth of the thallus is \ﬁ ‘
accounted for by the activity of 2= 4

single apical cell, as in all e 7, i W

bryophytes.

Apical cell (AC) is in a notch and |
covered by mucilage (M).




The shape of the apical cell is wedge-shaped [A] or hemidiscoid [B].

The wedge shaped cell has with 4 cutting faces (2 lateral, 1 dorsal and 1
ventral) and resulting in an orbicular growth form (rosettes).

The hemidiscoid cell has 3 faces (2 lateral and 1 basal) results in a ribbon-
shaped thallus.

IDYFf et 41:2005
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The thallus lack conspicuous internal differentiation except for schizogenous
cavities ultimately housing cyanobacteria. (# schizogeny and lyzogeny?)

Some cells are specialized in synthesizing, storing and secreting mucilage (a
carbohydrate potentially essential for water retention).

1mm X Pl
-

Renzaglia & Villarreal 2006

]

Vanderpdorten & Goffinet 2009

Upper surface bears sex organs, rarely some outgrowth.
Rhizoids on the lower surface are always unicellular (like in ).




The lower epidermis includes
some specialized cells that are
kidney-shaped like stomatal
guard cells.

Hornworts lack stomata on the
gametophyte!

These cells define a pore, that
remains open.

The pore leads to a chamber
that houses cyanobacteria
embedded in mucilage (hence
the name mucilage clefts).

Renzaglia'et al. 2009




The photosynthetic cells of
most taxa include a single
chloroplast. Only in Megaceros
are chloroplasts small and
numerous.

But as in all bryophytes and
perhaps land plants, meiosis is
monoplastidic, meaning there
is always only one chloroplast
during meiosis!

When the chloroplast is large
and single, it shows a region
called the pyrenoid, which
corresponds to the
concentration of RUBISCO.

What is RUBISCO?

Pyrenoids also known from algae!



Gametangia are produced along the midrib/midline.

Archegonia are sunken with the neck protruding above the
surface (cc = cover cells).

Antheridia are stalked and always clustered inside a
chamber within a schizogenous cavity in the thallus!




Hornworts are typically monoicous (both
sexes) hence dioicy is less common.

Transitions between M and D are numerous,
with D—>M 2 x times higher.

Higher extinction rates in M!

Correlates? Ploidy? No

Spore size? Yes, <in D
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The first division of the zygote is
longitudinal versus transverse in other
bryophytes.

Embryo forms an enlarged foot and upper

region => “capsule” or sporangium.
How does the sporophyte grow?

Options are: apical cell, intercalary
meristem or.....

Hornworts are characterized by the
presence of a intercalary meristem.
Hence the sporophyte grows acropetally!

A seta is always lacking!
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Derivatives from meristematic cells follow two
distinct trajectories.
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The innermost one compose the
endothecium, which will form the columella.
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The outer layer or amphithecium
forms of course the epidermis,
and assimilative tissues but also
the sporogenous cells (# from
other bryophytes except )




The basal meristem is typically +
“continuously” active, some sporophytes
are 7 or more cm long/tall!

In Nothotylas, it soon stops
dividing, and the sporophytes
are basically immersed, or
enclosed in the involucre!




A consequence of the basal meristem is
that cells, including sporogenous cells
(and hence spore mother cells) are
continuously been produced from the
bottom.

These cells begin their maturation
immediately, and those of the
amphithecium may enter meiosis.

Hence meiosis is asynchronous in
hornworts!

Thus, along a single sporophyte, one can
see all stages of the development of
spores!

A

Parihar 1970



The capsule walls bears specialized cells defining a pore, the
stoma.

Stomatal guard cells are similar to those in mosses and vascular

plants, but are non-functional and likely did not serve in gas
exchange.

Other function?

10 um

Renzagli

a et al. 2009



Early in the development of the sporophyte, before sporogenesis, the cells
undergo a division yielding a spore mother cell and and a (pseudo)elaterocyte.

Why pseudo-elaters?

(Pseudo)elaters consist of 1 or > diploid cells arranged in layers alternating with
spores.

SMC immediately
undergo meiosis.

PMC undergo
repeated mitotic
Divisions.

Hence the # of
pseudoelaters

is much >

than that of spores!




At maturity the sporophyte dehisces from the apex down, along predetermined
axial lines, or groves.




Like liverworts and mosses, hornworts may develop specialized asexual
reproductive structures, mostly along the thallus margin or in the form of
rhizoidal tubers, but these are uncommon.

In Nothoceros aenigmaticus, a
species formally considered
endemic to SE USA, male and
female populations are allopatric
and persist solely through
propagation by thallus
fragmentation in the SE!

Nothoceros fuegianus (Ca p.e“’l-fq:fn)"*\@, 3



Among bryophytes, hornworts are best “known” for their association with
endophytic cyanobacteria. The Nostoc colonies are sought after partners because of
their ability of which takes place in

Nostoc colonies are typically
globose except in
Leiosporoceros, where they
grow along with the thallus,
forming like a veination.




Leiosporoceros  Leiosporocerotaceae

Anthoceros

Sphaerosporoceros Anthocerotaceae
Folioceros

Notothylas

Mesoceros

Phaeoceros Nothotyladaceae
Paraphymatoceros

Hattorioceros

Phymatoceros Phymatocerotaceae
Dendroceros
Megaceros Dendrocerotaceae

Nothoceros

Phaeomegaceros



Pyrenoid gain
(1 I m Dendroceros

Evolution of hornwort marked by
loss of stomata, reduction in
number of antheridia and gains—

Stomata loss
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losses-gains of pyrenoids! i e 1 |
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Partial /
pyrenoid gain

Stomata loss ———» )

Partial pyrenoid loss
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Phymatoceros
Notothylas

Phaeoceros

Paraphymatoceros

A

Sphaerosporoceros 4

Folioceros

Anthoceros

Leiosporoceros

Outgroup

<

B puayiue paisil-uonN

BIpLBYIUE paual |



Homoplasy of the
pyrenoid.

)

If multiple “aquisitionS”,
what may this tell us
about the trait itself?

- Pyrenoid absent
- Pyrenoid present

100/1.0

100/1.0 ‘l

97/1.0

100/1.0

Dendroceros javanicus Kenya
Dendroceros cf. breutelii Saba
Dendroceros paivae Sao Tome
Dendroceros crispus Panama
Dendroceros difficilis Fiji .
Dendroceros crispatus Australia
ndroceros chicoraceus Chile
aceros pellucidus Australia
aceros grauhs Australia
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aceros denticulatus New Zealand

aceros flagellaris Australia

hoceros canaliculatus subsp. nov. Panama
oceros canaliculatus Costa Rica

r0ceros superbus Costa Rica

1oceros vincentianus Panama

oceros (Megaceros) minarum Uruguay
hoceros aenigmaticus US :

oceros renzagliensis Colombia

roceros fuegiénsis C
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1oceros giganteus New Zealand

roceros endiviifolius Chile .
gaceros sqt igerus s“bsp hassellii Chile
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y sceros bulbiculosus Portugal
1aeoceros tenuis Mexico
raeoceros brevicapsulus Cuba
raeoceros evanidus Australia
1ae0ceros mlcrgsrorus Panama
1aeoceros carolinianus Panama .
1aeoceros is D an Republic
1aeoceros dendroceroides Venezuela
aeoceros Iaewsf_jerglo Portugal
raeoceros mohrii USA

eros oreganus USA
1aeoceros inflatus Australia

eros engelii Australia
1aeoceros mmu‘us South Africa
eros cf. bolussi South Africa
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araphy eros diad us Chile
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1\ymatoceros (Phaeoceros) proskauerii USA
Wylas dissecta Panama
otothylas breutelii USA
otothylas levieri Nepal
ylas prblcglar&s Panama
ylas jav 'anama
N Wylas itg?lﬁ?[asi‘I .
Folioceros fuciformis Australia

73/0.99,

Folioceros glandulosus China
Anthoceros cf. samb Reunion Island:
Anthoceros | llatu: Colog\bla :
Anthoceros patagonicus su .? ar
Anthoceros laminiferus hﬁw_ ealand
Anthoceros cf. scariosus Mexico
Anthoceros cf. venosus Costa Rica
Anthoceros punctatus Portugal
Antkoceros agres,u USA
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Anthoceros fusiformis US
Anthoceros angustus China
Anthoceros tnstama,ngs M?uco
Anthoceros macounii Canada
Anthoceros tuberculatus Panama
Anthoceros orizabensis Venezuela
Sphaerosporoceros adscendens USA
Anthoceros caucasicus Portugal

Azolla filiculoides
Lygodium circinatum
Trichomanes radicans
Osmunda regalis
Psilotum nudum
Equisetum hyemale
Huperzia selago

Takakia ceratophylla
Treubia lacunosa
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(V%))
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(4/4)

Nothoceros
(10/10)

Phaeomegaceros|
(9/10)

Phymatoceros (2//2)

Phaeoceros
(14/41)

Paraphymatoceros
(4/4)

Notothylas
(6/21)

Anthoceros s.l.
(18/ca. 100)

Villarreal & Renner PNAS 2012;109:18873-18878



Environmental trigger for the
independent evolution of
pyrenoid.

Correlation between
acquisition and low CO,
ambiguous.

In fact pattern does not fit the
hypothesis that pyrenoid
evolution relates to times of
low CO, concentration

Atmospheric CO2 (ppm)
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124 unique genes:

* 88 protein-coding
genes

* 4 ribosomal RNAs

e 32 transfer RNAs

High levels of RNA editing

A. agrestis: 1549 sites of
chloroplast RNA editing
(636 C-to-U and 913
U-to-C edits)
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Nothoceros aenigmaticus
plastid genome
153208 bp

M photosystem |
I photosystem Il
[l cytochrome bi/f complex
[ ATP synthase

[J] NADH dehydrogenase
B RubisCO large subunit
[l RNA polymerase
ribosomal proteins (SSU)

[l ribosomal proteins (LSU)

M clpP, matK

[l other genes

[ hypothetical chloroplast reading frames (ycf)
[ ORFs

M transfer RNAs

[l ribosomal RNAs

[ introns

Villarreal et al. 2013. Ame. J. Bot. 100



| Expanded IR

' rrn23 intron

§ o2v

Jia

trnV-GAC

ca. 7800 bp
c
Jia
500 400 300 200 100 0.0 H tmV-GAC
. g F trnl-CAU
Estimated divergence times (mya) ”
400-1600 bp

Villarreal et al. 2013. Ame. J. Bot. 100



Mitogenome: 242,410 B
21 protein coding genes
3 rRNA genes
20 tRNA genes, =
38 introns in 16 protein-coding genes,
most intron-rich plant mt genome
10 putatively pseudogenized PCG

.\\51“

Anthoceros angustus
mitochondrial genome
242,410 bp

In A. agrestis : 496 events of C-to-U and 403
sites of U-to-C editing




Genome small (+119 MB; 14,629 PC genes; TE%: 60) with minimal redundancy.
Expansions in gene families —> RNA editing, UV protection and desiccation

tolerance.

b Species
+1,078/-875
— T flraﬂdqxis thaliana
+43-713 =
+258/—2 296
+485/-643 —— Genlisea aurea
Gene families 12,768
gainfloss 593/-062
= Vitis vinifera
+088-210
001170
+130/—421 7,820
08171 ,271
1.923/-409 +127/-932) WL Phalaenopsis equestris
+1, 12,111
+681/-2,222 § i
+1,228/-710
+1,092/-1,430
- - Ambarela trichopoda
+376/-580
10,106 +1,680/-3 492 Pl ot
+1,660/~2,181 Selaginel. ellend )
+2,017/-296 10310 ’ o
A el Physcomitrella patens
+1381-447 m
+565/~1,101
+497/-370 i +238/-758 ——— Marchantia polymormpha
— o18/-2.065 m
+80%/-069 .
1] 2IOUTBO (o cartend
+2,045/-524 EREE
+639/-293
—————— Chlam reinhardtii
+179/-845 ydomonas reinhardtil
e +467/—1,906 Ulva mutabil
:
+251/-1,156 .
——— Coccomyxa subellipsoidea
+175/-888 o

+245f—1l143 Chireta varabill

|

Gene families

12,301

10,060

12,399

11,950

11,640

10,470

11,800

8,821

9,585

9,566

8,944

6,252

8,302

7,934

8,669

5,363

5,850

5,857

Orphans

4,206
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3,978

5,901

5,289

2,614
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HGT from bacteria and fungi <— stress-response, metabolic pathways (some shared

with other bryophytes)
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Phenylobacterium sp. Root700 WP_056732391. 1
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Filimonas lacunae WP_076381825.1 1
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Actinobacteria
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Liverworts

Sphingopyxis sp. H115 WP_058804644.1
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Firmicutes.

Clostridium sp. ASBs410 WP_025234707.1

Archaea



“Ferns are well known for their shade-dwelling habits. Their ability to
thrive under low-light conditions has been linked to the evolution of a
novel chimeric photoreceptor—neochrome—that fuses red-sensing
phytochrome and blue-sensing phototropin modules into a single gene,
thereby optimizing phototropic responses.”

Horizontal transfer of an adaptive chimeric
photoreceptor from bryophytes to ferns

Fay-Wei Li*", Juan Carlos Villarreal®, Steven KellyS, Carl J. Rothfels?, Michael Melkonian®, Eftychios Frangedakis,
Markus Ruhsam®, Erin M. SigeF, Joshua P. Der%", Jarmila Pittermann', Dylan O. Burge), Lisa Pokorny*, Anders Larsson',
Tao Chen™, Stina Weststrand', Philip Thomas', Eric Carpenter”, Yong Zhang®, Zhijian Tian®, Li Chen®, Zhixiang Yan®,
Ying Zhu®, Xiao Sun®, Jun Wang®, Dennis W. StevensonP, Barbara J. Crandall-Stotler?, A. Jonathan Shaw?,

Michael K. Deyholos”, Douglas E. Soltis™"*, Sean W. Graham", Michael D. Windham?, Jane A. Langdale",

Gane Ka-Shu Wong"°¥-1, Sarah Mathews", and Kathleen M. Pryer®
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Plants rely on various “receptors” to assess changes in their environment, particularly light!

5 3
A phytochrome .
1 "
neochrome | - ]
"--- '--- .~ ““.
phototropin M ———

Neochrome: chimeric molecule:
phytochrome (red sensing) + phototropin (blue sensing).

Where do they occur? So far: Green algae and ferns!
How can we explain such phylogenetic distribution?

And it only occurs in ferns that arose AFTER the rise of angiosperms!

Actual legend to figure:

Neochrome is a chimeric photoreceptor in which the N terminus consists of a
phytochrome sensory module fused to an almost complete phototropin sequence at
the C terminus.



B Angio. PHOT1 First: neochromes discovered in hornworts.
Gymno. PHOT1
Angio. PHOT2
Gymno. PHOT2
Fern PHOT1 Analyses of the DNA sequences yielded this
Fern PHOT2 tree.
Lycophyte PHOT
Moss PHOMS What is happening in the upper portion of the
Moss PHOTB
| tree?
Liverwort PHOT
HaT B - Gene tree = species tree? Yes, with one
179 MYA ' . . .
\ duplication in seed plants.
Hornwort NEO —
Hornwort PHOT —

What about the median (colored) portion?
Algae PHOT 1. Position of hornwort?
2. Position of fern NEO!

Algae NEO

Algae PHOT

1000 750 500 250 OMYA

Phototropin (and neochrome) phylogeny



(L Argio. PHOTH
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=il Gymno. PHOT HGT e MEQ
S A ngio. PHOT2
U =5 Nothoceros
L= Gymno. PHOT2 Megaceros
Phymatoceros Hornwort
N B fFern PHOTH Paraphymatoceros NEO
L —cthl Fem PHOT2 Phaeoceros
< Lycophyte PHOT Anthoceros
e i Nothoceros
== Moss PHOTA Megaceros
- Phymatoceros Hornwort
— ~_Ce==Moss PHOTB — Paraphymatoceros pHOT
n + PHOT Phaeoceros
.  LIVEIWO — Anthoceros ,
D 0.1 substitutions/site
HGT
179 MyA & Fern NEO N
\ ) horizontal gene
transfer
-I-EEHornwort NEO —
—{—==Hornwort PHOT — . —/gene fusion
r—— \ retrotransposition
1 tAlgae PHOT s,

— C Alma~ NCA

conventional PHOT with introns



1. Neochrome evolved in

B {55 angia. PHOTY
N green algae and in hornworts
5 Angio. PHOT2 . .

- Gymno. PHOT (not in ferns as previously

FEn thought!)

Fem FPHOT2

Lycopivyia BHOT

Mase PHOTA 2. Neochrome “gene” was
kasE PHOTH

transferred from hornwort to
ferns via HGT.
How? Not clear

Livemwont FHOT

- Fern NEO

HomMort NED — When? + 180 mya

Hormwort PHOT =—

Algaa PHOT 3. Also recurrent HGT among
igae NED ferns!

Algaa PHOT

1000 750 500 250 OMYA








