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Runningtitle: Rhodymeniophycidae phylogéinstract

Multigene"phylogenetic analyses were directed at resolving the earliest divergences in
the red algal'subclass Rhodymeniophycidalee inclusion of key taxangew to science
and/or previously lagkg molecular data), additional sequence d&aU, LSU, EF2,

rbcL, COI-5P), and phylogenetic analysesnoving the most variable sitéste
stripping)haveprovided resolution for the first time at these deep nodlas earliest
divergingilineage within the subclasssithe enigmati€atenellopsis oligarthrdrom

New ZealandCatenellopsidaceaelhich is here placed in tii@atenellopsidales ord.

nov. Injou analysedtractophora hypnoidewas not allied with the other included
Bonnemaisoniales, but resolved as sister to the Peyssonneliales, and is here assigned to
Atractophoraceae fam. now the Atractophorales ord. nov. Inclusion of
Acrothesaurungemelifilum gen. et sp. nov. from Tasmania has greatly improved our
understanding of the Acrosymphytaleswhich we assigthree families, the

Acrosymphytaceae, Acrothesauraceae fam. noy Schimmelmanniaceae fam. nov.

Keywordindex wordsAcrosymphytalesAcrothesauraceaégcrothesaurum

Atractophoraceae, Atractophorales, Catenellopsidales, Schimmelmanniaceae

Abbreviations: COI-5P, 5’ region of the mitochondrial cytochrome oxidase subunit 1
gene; EF2, nuclear elongation factor 2 gene; LSU, nuclear large subunit ribosomal
DNA; rbcL, plastid ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit

gene; SSU, nuclear small subunit ribosomal DNA

As with most lineages of living organisms, molecular data have come to play an
essentibrole in reshaping our understanding of organismal relationships and providing

new evolutionary perspectives for red algae (see Sauadértommersan@004,
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Yoonet al 2006, Verbruggert al 2010). Among the five or six classes comprising

the phylum Rhodophyta (Saunders and Hommersand 2004, Yoor2@9@), the
Florideophyceae is by far the most speciel, containing upwards of 95% of the
currently reported species (GuapdGuiry 2015). The Florideophyceae consists of
multicellularsmarine andréshwater species currently assigned to five subclasses on the
basis of molecular and morphological analyses (Saulagelidommersan®004,Le

Gall and"Saunders 2007T.he subclass Rhgtheniophycidae contains somes®f the
speciesrcurrently assignedtte Florideophyceae (Guiry and Guiry 2015) including
many that are well known to n@pecialistse.g., Irish mossdhondrus crispus
Stackhouse).and dulsedlmaria palmatgLinnaeus) F.Weber & D.Mohr]

The Rhodymeniophycidae was established by Saundetdanchersand
(2004) on'the basis of moleculdaita available at théitne (e.g. Saunders arighiley
1997, 1999Harperand Saundersd®1), as well as the key ultrastructural
synapomorphy of pit plugs that are covered by a cap membrane at their cytoplasmi
faces (PueschaindCole 1982). Saunders et al. (2004) completed atiekly
comprehensive molecular phylogenetic assessment of this sudethestablishethat
all orders except the Gigartinales were largely monophylatiwever, relationships
amorg mosterders were unresolvedaunders et al. (200#)cluded data for only the
SSU for.which varied rates of change in divergent lineages likely conézlind
phylogenetic determinations (Le Gall and Saunders 20BUhsequent research
included additional taxa and usiée LSU andSSUin combination.As a result more
orders were recognized.{.,Withall and Saunders 2006), but the relationships among
most of them remained equivocal. Indeed, of the 11 orders reedgni Withalland
Saunders (2006), only the positioning of the Halymeniales as sister to the Sebdeniales
and Rhodymeniales was consistently resolved. Studies usirigcthbavesimilarly
failed to resolve interordinal relationshigsd., Gavicet al.2005, Krayesket al.

2009).

Attempts to resolve ordina¢lationships among florideophycean subclasses then
took twe,divergent approachese Galland Saunders (2007) attempted to improve
resolution by adding taxa and generating sequence data for an additional nuclear
marker EF2 whereas Verbruggen et al. (2010) used a data-mining approach to prepare

a supermatrix for phylogenetic analyses. Although support for monophyly of some
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orders was improvednd the subclass Corallinophycidae was recognized as distinct
from the Nemaliophycidae (Le Galhd Saunders 2007), relationships among orders of
the Rhodymeniophycidaemainedooorly resolved. Verbruggen et al. (2010)

identified ordinakelationships among Rhodymeniophycidae as one of five poorly
supportedsregions in the red algal tree of life that were in need of further study. The
noted that “data availability for (this subclass) is meager to poor”, but provided
compelling“evidence that resolution would be possible with the addition of more data
(Verbruggeret al.2010, fig.3). In the most recent effort, Yang et al. (2015) analyzed
mitochondrial genomes for 21 Rhodymeniophycidae. Again few novebidteal
relationships.were resolved with meaningful support except for an early divergence of
the Bonnemaisoniales, Gigartinales and Peyssonnelialasedtathe remaining orders
(94% supportin maximum likelihood analyses, Yang et al. 2015, fig. 1).

Torimprove the resolution of ordinal relationships within the
Rhodymeniophycidae we have generated data from more taxa, including some not
previously included in phylogenetic analyseg, Catenellopsis oligarthrgJ.Agardh)
V.J.Chapman, and more genes combining the five markers SSU, LSWHEE2and
COI-5P.We additionally completed analyses on alignments of progressively more
conservativescharactefsite stripping)in an effort toreduce the effects of saturation

and thus.improve phylogenetic sigifelerbruggen2012).

MATERIALS.AND METHODS

Molecular methods:Samples for molecular investigation (TaBlgin the
Supporting Information) were processed and DNA extracted following Saunders and
McDevit (2012). Sequence @atvere generated for the SSIEU, EF2,rbcL and
CO1-5P following Saunders and Moore (2013®equences were alignading the

ClustalW plugin for Geneious R7 version 7.1.5 (http://www.geneious.Kesrseet al.

2012) and.ineluded data from GenBank (Table S1). We generated five individual gene
alignments: SSU (68 taxa, 1702 of 1895 sites included in anaB&#scompletg

LSU (72 taxa, 2605 of 3434 sites included in anaty38% completg EF2 (67 taxa,

1681 sites92% completg rbcL (69 taxa, 1358 site®95% completeand CO15P (65

taxa, 664sites 89% complete In addition, a concatenated alignment for all taxa and
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regions (73 taxa, 8010 aligned sites) was generdfiedt taxa were at least 75%
complete excedbr Acrosymphyton purpuriferuifd.Agardh) G.Sjstedt(54%
complete, data only for SSU and LSU) dhtiella liagoraciphilaHuisman,
A.R.Sherwood & I.A.Abbott (21% complete, data only for SSU), which together
accountedsfor. ~26% of the missing data.

Singlegene alignments were analyzed with a GTR+I+G maudéh
partitioning by codon for the three protein-coding geime)e webserver progam
RAXML (Stamatakis 2014) and robustness determined with 500 bootstrap replicates
There were ng strong inconsistés noted among the singiene trees and the five
genes were.combined for phylogenetic analy8ss/esian analysis was performed on
the full dataset using the MrBayes plugin for Geneious R7 version 7.1.5 under a
GTR+I+G"'madel with parameter settingsinked and the rates prior set to allow rate
differentiation across partitions (by gene and then by codon for protein-coding=genes
full partitioning scheme). This analysis was run twice for 1,000,000 generations with
sampling every 1000 generations. Plotting the overall likelihood against the number of
generations identified the stationary phase to determine the burn-in for each run.
Maximum likelihood analysis was performed under a GTR+I+G model with the data
fully partitioned using the RAXML plugin for Geneious R7 version 7.1.5 with 1000
bootstrap replicates.

Owing to the paucity of data fétihiella (SSU only) the combined Bayesian
analyseswwere repeated after removing this tadrre were no significant changes in
topology‘andionly minor variations posterior probabilitysupport indicating that its
inclusionwasnot negatively impacting our phylogenetic results.

To assess phylogenetic inference problems due to substitution saturation,
quickly evolving sites were calculated and systematicatiyoved from the full
alignment. Site-specific rates were determined using the “substitution rates” analysis
tool in HyPhy/(Ponekt al.2005) under the JC69 model with a Bayes phylogram as a
guide tree.Taergenerate a series of progressively more conservative alignments the
program,SiteStripper (Verbrugg@012) was used to order the sites by rate then remove
the more rapidly evolving sites in increments of. 5SBaximum likelihood analysis

(ML) was performed on each “stripped” alignment (fully partitionesing RAXML
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version 7.3.5 with a command line script available through SiteStripper under a
GTR+I+G model and 1000 bootstrap replicates.

To assess how partitions might impact phylogenetic inference, the original
alignment and “stripped” alignments wemadyzed by running PartitionFinder (Lanfear
et al.2012)wusing the “greedy” algorithm under the BIC model selection method with
linked branchlength estimation The best partitioning scheme and most appropriate
model of‘evolution as determined by PartitionFinder were subsequently used to

reanalyze'the'alignments with RAXML again with 1000 bootstrap replicates.

Anatomical methodsFor anatomical observations, whole-mounts of gelatinous
species\were ' made from ligupteserved thallus fragments, and cresstions of more
robust species were prepared from rehydrated or forffiaid samples by hand-
sectioning'orin a cryostat (CM1850, Leicd)issues were stained with 1% aniline blue
and mounted in 40-50% corn syrupbservations were made with a light microscope
and documented with digital photography.

Morphological development dftractophora hypnoideB.Crouan & H.Crouan
was followed in cultured material fixed in formateawater (4%) and stained with
aniline bluevacidified in 1% HCICell nuclei were visualized by staining formafired
materialin.a.drop of Hoechst 33258 solution (10mg ™) and examined with an
epifluorescence microscope (Leitz Dialux), or by staining with aicet®
haemataylin-chloral hydrate (Wittmant965) aad photographed using Nomarski
interferenceas described by Maggs (1989). Photographs were taken using Technical
Pan film developed in Kodak HC110 liquid developer.

Culture studies Atractophora hypnoidesas isolated from tetraspores released
by Rhododiscusetrasporophytes collected at Finavarra, Co. Clare, Ireland, and Cloghy
Rocks, Strangford Lough, N. Ireland (multiple cultures were isolated from 1982-1986,
several of which wermaintained longerm; see Magg$988). Cultures were grown in
half-strength modified von Stosch medium (Guiry and Cunningham 1984), at 15°C, in a
regime of 16:8 h light: dark (LD), under a photon irradiance of c. 20 pmol phohfns
‘s, and subject to changes in photoperiod as described in the text.
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184 RESULTS

185

186 Molecularphylogenetic analyseslopologies were congemt for all fouranalyse®f

187 the full eombined alignment (Bayes and maximum likelihood under full and

188 Partitionkinder partitioningdnd the Bayesian result with partitioning by gene and
189 codon ispresented (Fig. 1; withpport values for all analyses summarigedable ).
190 Tree scoresand branch support were typically slightly better for the fully partitioned
191 analysesiernot using partitions identified by PartitionFind@able ). To assess the
192 effectsof substitution saturation a series of progressively more conservative alignment
193 were analyzed with maximuiikelihood, again fully partitioned and with tsehemes
194 determined by PartitionFinde€onsistent with the full combined alignment, tree scores
195 and overall'support were typically better for analyses in which the data wegre full
196 partitioned-and only those values are preseriadlé ).

197 A neighbor-joining tree constructed with the HKY model was generated in
198 Geneious R7 (Fig. S1 in the Supportingoimhation) to determine if the starting tree
199 employed by HyPhy to determine individual site rates had biased downstream analyses.
200 These N:based site rates were used by SiteStripper to generate a series of

201 subalignments, which were analyzed in RAXML. Tasults of a Shimodaira

202 Hasegawatest indicated that the neighbming tree (likelihood144264.31) was

203 significantly different (p<0.01) from the Bayesian Inference tree (likelirood

204 144682.75).used in the initial site-stripping analyses; however, ke néighbor

205 joining topology for calculating sites rates did not impact downstream sjipist

206 analysesi(data not shown).

207 In general terms support was moderate to strong at many key ordinal and
208 interordinal nodeswith some deeper nodes seeing enbdrsupport values at 10% site
209 removal Table ). Neither the Bonnemaisoniales nor Gigartinal@smonophyletic
210 (Fig.1;Table 3. Catenellopsis oligarthranot previously included in phylogenetic
211 analyses, resolvesk an independent lineagister to the remainder of the

212 Rhodymeniophycidae amdasnot associated with other taxa assigned to the

213 GigartinalegFig. 1). The next diverging lineage was the fully supported

214 Bonnemaisonialesensu strictgFig. 1), i.e., excludingAtractophora hypnoidesvhich

215 was resolved as sistir the strongly supported Peyssonneliales in a lineage with the
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remainingGigartinaleqFig. 1; Table ). The remaining orders were resolved as a large
clade subdivided into two well-supported groupé$e first of theseonsisted of
Acrosymphytales- Ceramiales SchmitzigCalosiphoniaceae). The novel Australian
taxonAcrothesaurungemellifilumresolved within a fully supported lineage
encompassing speciestbke gener@crosymphytomndSchimmelmannigboth
currentlysassigned to a single family in the Acrosymphytales (Fibaldle 3. This
expanded Acrosymphytales wsister to the Ceramiales, which included with moderate
supportithegenuskyuleea(Fig. 1) Relationships among the Gelidiales, Gracilaga
Nemastomatales, Plocamiales dginelHalymeniales+Rhodymeniales+Sebdeniales
lineage remained largely unresolved, although some support for an alliance of the
Rhodymeniales+Sebdenialesas recognizedHig. 1; Table ). Finally, moderate
support'was‘aagred for the continuethclusion of the Sarcodiaceae in the Plocamiales
(Fig. 1; Table'1)

Taxonomic changes

Catenellopsidales K.R.Dixon, Filloramo & G.W.Saundersetd. nov.

Deseription Thalli develop from triaxial apicesGonimoblasts numerous,
arising from,an extensive conjugated reticulum with associated nutritive. tissue
Tetrasporangia cruciate or decussate, terminal, embedded in outer cortical tissue.

Type.and only familyCatenellopsidaceae Robins 1990, p. 698.

Atractopherales Maggs, L.Le Gall, Filloramo & G.W.Saundecsd. nov.

Description Gametangial thallus consisting of erect axes arising from a basal
disc; lubricous with erect branches spirally arranged; uniaxial with four periaxial cells
per whorl. Monoecious; carpogonial branches 3-celled; procarpic, supporting cell
functioningas'auxiliary cell, fusing witkthe fertilized carpogonium, from which the
gonimoblast.arises. Gonimoblast a diffuse system of loose descending filaments,
formingsa covering around one or more cells of the main axis; pericarp abztore
cystocarps spindle-shape8permatangia in superficial clustefBetrasporangial

thallus crustose; tetrasporangia regularly cruciate, terminal.

This article is protected by copyright. All rights reserved



247 Type and only familyAtractophoraceae Mag, L.Le Gall & G.W.Saunders,
248 fam. nov.

249

250 Atractophoraceae Maggs, L.Le Gall & G.W.Saunder@m. nov.

251 Deseription as for Atractophorales.

252 Type.genusAtractophoraP.Crouan & H.Crouan 1848: 371.

253 Additional genusLiagorothamniorHuisman, D.L.Ballantine & M.J.Wynne,
254  2000: 507,508 (discussed below).

255 Lectotypification Atractophora hypnoidewas provisionally lectotypified by

256 Dixon and Irvine (1977) in CO. The collection of the brothers Crouan contains five
257 specimens of\tractophora hypnoidess well as aillustration (IC BOT/Herb.

258 CO/000%1)with a fragment of a plant (CO0028Rpne of the specimens accavith

259 the protelogue, which mentioned a specimen dredged at 8-10 m depth on August 20th
260 1848 in/the Rade de Brest and growingvglobesia polymorphéLinnaeus) Harvey

261 and onCeramium rubrunC.Agardh. Among the five specimens, daekscollection

262 information (CO00289), one is from Noirmoutier (CO00291), and theinel@aare

263 from the Rade de BresAmong the Iat, one has no collection date (CO00290) #re
264  other two were collected at Baie Sainte Anne in 188ecimen CO00288 was

265 growing.onCeramium a host mentioned in the protologu&e therefore designate

266 specimen C0O00288 as the lectotypé&tictophora hypnoide@-ig. 2).

267 Gametophyte observations in cultupdractophora hypnoidetetraspores form
268 small multicellular loosely coherent discs that give rise centrally to an erectarist
269 axes consistinitially of a single filament produced by transverse divisions ofaomor
270 less isodiametricfacal cell Beginning at about the sixth cell from the apex, each axial
271 cell cuts off a periaxial cell from a lateral protuberangéternate axial cells give rise to
272  two periaxialcells/whorl branch initials at 180° to each other, initially forming a

273 distichous arrangement of branchlets (Fig. 3&.axes develop further, periax@dlls

274  are also cut.off at 90° to the first branchlets, resulting in whorls of four branohlets
275 limitedigrowth in a cruciate arrangeméhrtg. 3b). Axial cells enlarge grely in length
276 and diameter, mainly below the insertion of the whorl, so that the whorl is eventually
277 positioned around theistal part of the axial cell, all enclosed in a thin (<10 pm)

278 mucilaginous sheattiig. 3 b and d) Whorl branchlets consist aiflated cells 10 um
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in diameter, tapering to cylindrical/conical apical cells that oftem bairs up to 100

pm long (Fig. 3c).Occasional whorl branchlets are replaced by axes of indeterminate
growth, of the same construction as the primary axis, éngrglly forming the cruciate
arrangement of whorl branchlets within the apicall2Caxial cell{Fig. 4a).

When,about one month old, thalli start to produce a distichous arrangement of
lateral ramulifrom the whorl branchlets, and axes develop a fileoas cortication
formed by"downgrowing rhizoidal filaments that originate from the basal cell of every
whorl branchlet (Fig. 3d)All vegetativecell types are uninucleate aocdntain irregular
ribbondike to reticulate chloroplastsieither secondaryitoconnections nor cell fusions
are formed.

At about 1.5 months old, thalli form spermatangia and carpogonial branches just
below the"apiés of axes (Figs, e-j and 4, a-e). Spermatangia develop in dense
clustersalaround axes, arising from modifiecharl branchlets, each cell of which cuts
off small spermatangial mother cells in all directions, singly or in chains.

Spermatangial mother cells are rectangular/pyriform and by oblique divisions 2ut of
3 uninucleate spermatangia 1.5-2 um long (Figs 3e,Réleased spermatia are
spherical, uninucleate and 2.5-3 um in diameter (Fig. 4c).

Carpoegonial branches usually develop from the basal cell of a modified whorl
branch;which is thus the supporting cell (Figs, 3fd-e). The carpogonial branch &
celled, the carpogonium and hypogynous cell lying at right angles to the first branch
cell, which,brings the carpogonium close to the supporting cell (Fig. 4, d aite).
supporting cell bears acelled and a-2elled lateral brangland the first cell of the
carpogonialbranch also bears a lateral cell, forminghegan 8celled structure (Figs
3j and 4e). The carpogonium is triangular as one side lies along the hypogynous cell,
and another along the first carpogonial branch cell. The trichogyne develops from the
third side, towards the axis at first, and then bending outwards and growing to about 250
pm in length (Figs. 3, f-i and 4,ahde). The cytoplasm of the trichogyne is constricted
near the carpogonium and then expands to about 2 um wide, surrounded by a mucilage
sheaths2 um thick. Numerous spermatia are observed on hairs and trichogynes, forming
cytoplasmic conhuity with the trichogyneg¢Figs 3k and 4%

Following fertilization, the carpogonium and supporting cell fuse to form a

dumb-bell shaped cell in some cases, with the hypogynous cell remaining separate (Fig.
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4h). In other examples the carpogonium and hypogynous cell appear to fuse before
joining with the supporting celllt appears that the first carpogonial branch cell
someimes becomes part of the fusion ¢#lig. 4, f and g). An additional fusion can
occur between two of the lateral cells, but this fusion cell is separate from the one
involvingsthe,carpogoniur(Fig. 4, f and g). Early post-fertilization development is
apparently guite variable but is obscured by the production of dense clusters of small
“nutritive™cells by the first carpogonial branch cell, its lateral cell, and the hypogynous
cell (Figs'3jrand 4, f-h). These persist assamall group of cells attached to the fusion
cell(s) The fusion cell formed from the carpogonium and the supporting cell cuts off a
gonimoblast.initial from the carpogonium efitgs. 3l and 4, f and g)The
gonimoblast initial quickly gives rise to sal norpigmented branched gonimoblast
filaments;which surround the axis, weaving amongst the whorl branchlets and giving
rise to radiating filament@-ig. 4i). Deeply pigmented carposporangia 12-13 pm in
diameter are borne terminally on these outwgraving filamentgFigs 3mand 4i)
Approximately 1.5 months after the first appearance of gametangia, globular mature
cystocarps about 250 um in diameter are present, often arranged in series on an axis due
to its continued growth and formation of carpag@l branches.

Tetrasporophyte observatianSarpospores of about 20 um diameter released in
culture and,grown under the same conditions as Geliéctedtetraspores (i.e15°C;
16:8h LD) germinate in the same manner as the tetraspores to produce cohesive discs
(Fig. 5a)..Basal layer filaments of crusts branch pseudodichotomously (Fig. 5c¢),
forming @& polyflabellate pattern due to the cessation of growth of most filaments soon
after branehing, causing considerable variation in cell dimensibms. pattern is also
seen inffield material dkhododiscus pulcherrimua Crouan & H.Crouan (Fig. 5f), and
results in a lobed or irregular margin. No cell fusions or secondary pit connections are
formed; calcification is absenfThree months after germination, crusts are up to 2 mm
in diameter and 30 um thick, including a thick mucilage layer on the upper and lower
surfaces They consist of basal layer cells, each bearing one or Bvwoelled erect
filaments 814 um in diameter (Fig. 5d)l'he cell cuboff behind the apical cell of a
basal layer filament immediately divides periclinally (Fig) ® form crust margins
two cells thick No erect axes developed from these cruStausts transferred to 15°C;
8:16h LD and then to 10°C; 8:16h LD formed teparangia across the surface,
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developing from the darkly pigmented apical cells of the erect filaments (Fig$ 5d,
Tetrasporangia are regularly cruciately dividédy. 5d), c. 16-20 um in length and
diameter, smaller and rounder than in fietdlectedmaterial(Fig. 5f), in which they

are 1637 x 1620 um. In culture, tetrasporangia release tetraspores about a month after

formations

Acrosymphytales Withall &.W.Saunders 2006, p. 389-390.
Type-family Acrosymphytacea8.CLindstrom 1987, p. 52.
Typegenus Acrosymphytoie.Sjostedt 1926, 8-9.

Acrothesaur aceae G.W.Saunders & Kraffam. nov.

Deseription Thalli uniaxial, apical cell division transverse, the cerdraal
cells eachrbearing nodal whorls of siplseudodichotomous determinate laterals
Carpogonial and auxiliargell filamentsboth simple, occurring singly, in pairs or in
clusters Diploidization oftheauxiliary cells effected by direct fusion with a
presumably fertilized cpogonium,or its derivative cellin the samédprocarpic)or a
separaténonprocarpicpranch system. Tetrasporophytes unknown.

TypesgenusAcrothesaurunkKraft & G.W.Saunders, gen. nov.

Additional genusPeleophycu$.A.Abbott 1984, 325-32{discussed below)

Acrothesaurum Kraft & G.W.Saunderggen. nov.

Description Thalli flaccid, lubricous; centradxial cells each bearing nodal
whorls of'sub-/pseudo-dichotomous determinate laterals; mid and lower axeatedrti
between nodal whorls by branched, basipetally directed rhizoids. Thalli monoecious;
spermatangia borne directly on terminal and subterminal cells of whorl branchlets;
carpogonial and auxiliargell filamentsboth unbranched, occurring singly, in pairs or
in clusters on periaxial and one or two distal cells of whorl branchlets, directed
basipedlly, the auxiliary cells terminalDiploidization of auxiliary cells effected by
direct fusion with presumably fertilized carpogonia, the diploidized auxiliary cell either
borne on the same supporting cell as the donor carpogonium (procarpic) or én one 0
seveal adjacent supporting cells (mmocarpic); gonimoblast initials single,

carposporophytes composed of up to three synchronously maturing gonimolobes
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consisting entirely of carposporangi@roximal portions of diploidized auxiliary cells
frequently emitting one or two stodasally directed filaments that fuse apically to
centrataxial cells and/or adjacent lower whdmanchlet cells Tetrasporophytes
unknown.

Etymelogy from “acro”, referring to objects at an extremity, and “thesaurum”,
for atreasury/or treasure chamber, in reference to the terminal auxiliary cells that
receive and"house the “precious/gote nucleus that initiates the embryonic
carposporophyte.

Type and only specieg\crothesaurungemellifilumKraft & G.W.Saunders, sp.

nov.

Acrothesaurum gemellifilum Kraft & G.W.Saunderssp. nov. Figures 6-8

Deseription portion of thallus on holotype slide (Fig. 6a) banded, 14 mm in
height, 17.8 mm in width, the whole specimen (Fig. 6b) lubricous, 60 mm in height, 73
mm in greatest breadth, erect from a holdfast pad of consolidated rhizoidal filaments;
axes terete (Figh, ¢ and), irregularly radially branched to four orders, indeterminate
lateral initials scattered (Fi§c), arising on epperiaxial cells of determinate wherl
laterals(Fig6d); proximal axes to 1600min diametey 550-650umin lower first
ordenlaterals; narrowing tt0-20pum at gradually tapered tips (Fige)e Cells of
centrataxial filaments 60 umlong, 18-251mwide (Fig. 6d), each with (3-)4
periaxialeells,at distal poles, the periax@dlls subtending a determinate
subdichetomous whorl branchlet with domedaarimiform (Fig 6, candd),
sometimes:=haiterminated (Fig6e), apical cells, the nodal appearance of fronds
accentuated by the regular spacing of adjacent whorls@Fégand d). Rhizoidal
filaments basipetal,-2 umin diameter initially simple (Fig.6f), later branched (Fig.
6g), mostly arising from periaxiaells, also frequently from apical and subapical cells
of apparently non-functioning carpogonial and auxiliegyl-branches, in mature axes
issuing adventitious filaments perpendicularly to fully corticate the ceatral cells
between.adjacent whebranch nodes (Fig. 6h). Spermatangpherical, 2:2.5umin
diametey borne singly or usually in pairs or threes (occasionally fours) mostly on
terminal cells of whorbranchlets (Fig6, i and)), less frequently also singly or in pairs

on subterminatells. Carpogonial and auxiliargell branches basipetally directed
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(Figs 6, fand | and 7, a-c), borne individually and intermixed on periaxial or epi-
periaxial supporting cells (Figh), the auxiliarycell branches usually threelled,
predominant (Fig. 7, andb), the carpogonial branches scarcer, normally ¢elled

(Fig. 7, a€), rarely fivecelled (Fig. 7d), the carpogonia campanulate and with straight
(Fig. 7, candd) or sinuous (Fig. 7e) trichogynes, the carpogonia usually borne on an
inflated, subspherical to ovehypogynous cell c. 7.548mx 6 um (Fig. 7, be);
carpogoniafrequently non-functional, at various stages of breaking down (Fig. 7, b and
e), carpogonial branches thessemblinghreecelled auxiliarycell branches because
hypogynous cells are the size and shape of auxiliary cells (Fig. 7,d). afdxiliary

cells terminal, usually ovoid (Figa-c), 615 x 69 umin diameter, each functional
carpogonial branch invariably associated wittadjacent auxiliarcell branch a the
same or‘anadjoining supporting cell (Fig. ©)aDiploidization of auxiliary cells
effected"bydirect fusion of the presumably fertilized carpogonium (Fig. 7, f and g), the
auxiliary cell enlarging, becomingccentricallyswollen (Fig.8, a and band cutting off

a single terminal gonimoblast initial (Figggand8a). Gonimolobes compact, the
auxiliary cell elongating, thickening distally (Figj, b-d), darkly staining (Fig. 8, &),
frequently initiating two stout singleelled arms of undetermined function proximal to
the carposperophyte (Figs. 7h and 8, d @ndhe arms ultimately fusing apically with
centrataxial.cells (Fig8, b and d). Carposporophytes globular (Figs. 7h ancéi8d c

e), at maturity 250-45Amin diameter and composed of three compact synchronously
maturingigenimolobes of carposporangia (Fig. 8f), the gonimolobes consisting of
tightly folded'filaments of pit-connected subspherical to angular carposporanga 25-
pmin diameter.

Etymology from “gemellus” (paied or twinned), and “filum” (filament), in
reference to the adjacency of carpogonial and auxitielyfilaments that connect after
fertilization either procarpically or ngmocarpically.

Holotype GWS016355, slide A (Fig.e§. The holotype slide and six duplicate
slides (GWS0163558) permanently housed at UNB. Habit of the entire type
specimen was photographed before it d@ad in silica as a vouchéFig. 6b).

Type locality Wynyard, Tasmania (4®8’ 48.7” S; 14545’ 04” E), -12 m on
shell at Sactuary ReefG.W. Saunders & K.R. Dixp@8 Jan. 2010).

Distribution: known only from the single holotype specimen.
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440 Schimmemanniaceae G.W.Saunders & Kraffam. nov.

441 Description Thalli uniaxial, apical cell division transverse, the cerdrall
442 cellseach beang nodal whorls of sub-/pseudichotomous determinate laterals
443 Procarpieyearpogonial and auxiliacgll branches in pairs on supporting cells

444  Diploidization of auxiliary cells effected by direct fusion with presumably fzetl
445 carpogonia; typically following division of the latter. Tetrasporophytes crustose;

446 tetrasporangial division cruciate.

447 Type genusSchimmelmanni&chousboe ex Kitzing, 1849: 722.

448 Additional genusGloeophycus.K.Lee & S.AYoo 1979, p. 347discussed

449  Dbelow).

450

451 DISCUSSION

452

453 The combination of more taxa, notably some key lineages previously poorly

454  studied/or newly discovered, additional sequence data and exploration of phylogenetic
455 analyseghat account for site saturatibave resulted imcreasedesolution among the
456 deepdiverging lineages of Rhodymeniophycidakhis problematic portion of the red
457  algal tree,of life (Withaland Saunders 200@j)as considered solvable in the analyses of
458 Verbruggen et al. (2010vhichwas consistent with the results hereéhylogenetic

459 reconstruetion can be difficult when sequences become saturated and when deep
460 evolutionary events have occurnadelativelyclosesuccession such that the available
461 signal is'masked by noise in an alignment. Site stripping as performechhere

462 enhancghesignal to noise ratio improving phylogenetic inference (Verbruggen 2012).
463 Logically, a node of interes evolutionary timewill be impacted such that resolution
464 of deeper nodesald see greater improvement with more site remalative tomore

465 recent nodesHowever as more and more sites are removed sigilbalso be

466 removed andssuppoacrosshe phylogeny will degradélthough stochastic events can
467 complicate matters, tharevious patterngere generallypbserved in our analyses (Fig.
468 1; Table 1). As with manystudies Bayesiaposterior probabilities wergpically

469 higher in support of various relationships than were the corresponding ML bootstrap

470 percentages (Table 1Although the former values are typically considered to
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overestimae support (see Wrobel 2008), our analyses of progressively more
conservative alignments showed enhanced ML bootstrap support for relationships with
high posterior probability suppart our originalanalyses of th&ull alignment(Table

1). Forthe current alignmerdnd modeht least, higher posterior probabilities
analysessofith&ll alignment appearet be indicative of phylogenetic signal for the
resolvedirelationships (e.g., Table 1 nodes E and H), i.e., Bayesian posterior
probabilities'may have been more indicative of evolutionary relationships when the full
alignment'was anatrgd than were the ML bootstrap valudsshould also be noted that
the latter values are typically considered as conservative estimators of suMyddme|(
2008. Although the general applicability of site stripping for enhancing phylogenetic
resolution/awaits morstudy, the novel phylogenetic insights generated here have
necessitatedsuite of taxonomic changes at the familial and ordinal levels to represent
the full diversity of the lineages under study and to adhere to the principle of
monophyly.

Agardh (1876) originally describetiatenellopsis oligarthras a species of
Catenella & the time placed in the Solieriacedgylin (1932) transferred it to
Nemastom#éased on tetrasporangial anatomy, but Chapman (1979) later described the
new genuatenellopsigGymnophloeaceae/'Nemastomataceae’) because the
carpasporangia were formed strictly in constricted regions of the saccateltbadli,
when erecting thenonospecifidamily Catenellopsidaceae, Robins (1990) compared
the reproductive anatomy Gf oligarthrato several other familiesAlthough he did
not observe carpogonia or Bapostfertilization development, Robins (1990)
considered:the posertilization anatomy ofC. oligarthrato be so distinct that even its
ordinal position was uncertain. Nevertheless Robins (1990) provisionally retained
Catenellopsigind the Catenellofmaceae in the Gigartinale®©ur molecular data, the
first published for this species, resolvedtenellopsiss an isolated lineage sister to the
remainder of the Rhodymeniophycidae necessitating the recognition of this taxon at the
ordinal level;

Members of the Bonnemaisoniaceae (representégbgragopsieandDelised
and two members of the NaccariacddadcariaandReticulocauli$ group together
(although theBonnemaisoniaceas paraphyletic and further familial level study is

needed in this orderput Atractophora previously assigned to the Naccariaceae, does
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not join this clade (Fig. 1) The systematic position étractophorahas long been
debated In describingA. hypnoideLrouan and Crouan (1848) posited an alliance with
Dudresnaya Agardh (1863) transferred this specie®txcarig which he placed in his
family Wrangelieadalthough given the rank ajrdo’ Agardh'sname was equivalent to

a family)gwhile Zerlang (1889) again recognizZgdactophoraas a distinct genus
Schmitz anddauptfleisch (1897) allieAtractophora NaccariaandWrangeliain the
Wrangelieaeof the family Gelidiaceadth Oltmanns {904 soonafter recognizing

the family"Wrangeliaceae for these three gentrdin (1928) erected the Naccariaceae
to includeNaccaria andAtractophora He discussed the relationships of the
Naccariaceae and suggested, baseabstfertilization development, that the family

was allied/to_the Bonnemaisoniaceae, which at that time was included in the Nemaliales
(as Nemalionales)Feldmann and Feldmann (194feparated the Bonnemaisoniaceae
from the"Nemaliales owing to the heteromorphic life cycl@sgaragopsisand
Bonnemaisoniand proposed the Bonnemaisoniales. Kylin (1956) did not recognize
the Bonnemaisoniales and included the Naccariaceae (inclatlimgfophora
NaccariaandNeoardissoniaand Bonnemaisoniaceae (includidgparagopsis
BonnemaisoniaDeliseg LeptophyllisandPtilonia) at the end of his treaent of the
Nemaliales'(as Nemalionales)

Fan,(1961), discussing relationships of the Gelidiales, stressed a major
difference betweeAtractophoraandNaccariain that the nutritive filaments associated
with carpegenial branches were produced by the stipgcacell versus the hypogynous
cell, respectively Fan considered that both genera displayed direct development of the
gonimoblastfrom the carpogonium like the Gelidiales, and felt that the
Bonnemaisoniaceae should be recognized at the ordinal level, as proposed by Feldmann
and Feldmann (1942). However, Papenfuss (1966) and Dixon and Irvine (1977)
continued to place the Bonnemaisoniaceae in the Nemalionales.

Pueschel and Cole (1982) showed that Bdthctophora hypnoideand
Bonnemaisania hamifettdariot have pit plugs characterized by a membrane only and
lackingsplug caps, whereasna fideNemaliales have twiayered plug capsThey
considered this as strong evidence in support of the Bonnemaisoniales as distinct from
the Nemaliales and continueditelude the Bonnemaisoniaceae and Naccariaceae in

the former order However, it is important to note that this-pitig type is shared by
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virtually all Rhodymeniophycidae and provides no evidence on the relationships
between these two families and thenparders of this subclass (Saunders and
Hommersand 2004)Womersley (1996) speculated that the Naccariaceae may not be
related to the Bonnemaisoniaceae owing to significant differences rieptaluctive
structuressineluding the diffuse rather than compact gonimoblast and the complete
absenceof a‘pericarp.

Separation ofAtractophorafrom the rest of the Naccariaceae is not entirely
unexpected-despite similarities of the uniaxial mucilaginous erect gametophytes and
mature carposporophytes composed of diploid tissue tightly surrounding the primary
axis, intermixed with sterile filamesitand lacking a consolidated pericaffhere are
several ‘potentially significant vegetative differences, such as the transverse apical cell
division‘inAtractophora(Fig. 3c) compared to the oblique divisiorNaccaria(Kylin
1928, fig=7A) andReticulaaulis (Schils et al. 2003, fig. 23), the number of periaxial
cells cut off each axial cell (four ilstractophoraversus two in members of the
Bonnemaisonialesensu stricth) and the absence of secondary pit connections in
Atractophora(Figs 3dand5c¢) versus their presence WaccariaandReticulocaulis
(Schils et al. 2003)There are many similarities in female development between
AtractophoraandNaccarig such as the presence of nutritoal clusters on the
carpagonialbranch (Kylin 1928, Chihara and Yoshizaki 1972, Hommersand and
Fredericq 1990), which was the basis of their association with the Bonnemaiseniacea
Howeverythere are also significant differences between thepzstiertilization
developmentioAtractophoraand the other Naccariaceae, the most important of which
is that whereas iAtractophorathe supporting cell (= auxiliary cell) fuses with the
fertilized carpogonium (Fig. 4hin NaccariaandReticulocaulist remains discrete
(Kylin 1928, Schils et al. 2003). As reported by Kylin (1928)iractophorathe
gonimoblast develops from the carpogonial element of the fusion cell (Fig. 4g), not
from the auxiliary cell We have also observed fusion between the carpogonium and
hypogynous:cell (Figdg), and among some of ttegeral futritive) cells, which was
not reperted by Kylin (1928), but resembles thaReticulocaulisn which the fertilized
carpogonium fuses directly with the hypogynous cell via the expansion or breakdown of

the pit connection (Schils et al. 2003).
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Atractophora hypnoidesesolved distarfrom the included Bonnemaisoniales
andas sister to the Peyssonneliales (Fig. The sister relationship observed between
Atractophoraand the Peyssonneliales was unexpected and intriguing, particularly
considering their contrasting morphologies and the anatomical similahidies t
Atractophoerashares with members of the Naccariaceae (Bonnemaisoniales), to which it
was previosly attributed However, there are some significant morphological links
betwéemAtractophoraand the Peyssonneliales. The tetrasporophyid¢rattophora
hypnoidesdescribed by Crouan and Crouan (1859kasdodiscus pulcherrimugas
placed provision&} in the Squamariaceae (= Peyssonneliaceae) by Denizot (1968)
TheRhododiscuphase ofAtractophoraconsists of a compact disc with a
heterotrichous construction, in which prostrate filaments growing from gamialt
margin giveTise to erect filamenfsig. 5, a-f). Tetrasporangia are formed terminally
on the erectfilaments, large, and regularly cruciately diviglegd 5, d-1, resembling
those ofPeyssonneligpecies (Maggs and Irvine 1983urthermore, during
development of male reproductive structures, members of the Peyssonnelftareae
exhibit @ uniaxial filamentous construction with whorls of periaxial filamerdsral
each “axial” cell (Kylin 1956, fig. 118B, Maggs and Irvine 1983, fig. 32pst
fertilization'development ifPeyssonneligpecieseportedlyinvolves the fusion of the
carpagonium,with the hypogynous and subhypogynous cells of the carpogonial branch,
but the auxiliary cell is in a separate filament, i.e. nonprocarpitganimoblasts arise
either from,a.diploidized auxiliary cell or directly from connecting filaments that form
expansive networks (Maggs and Irvine 1983, Dixon and Saundery 2013

Thesquestion of whether the similarities betwééractophoraand the
Peyssoneliales are sufficient to justify expanding the Peyssonneliales to include
Atractophorais a difficult one Clearly, there are marked contrasts between
Atractophoraand the Peyssonneliales, such as procarpic versus nonprocarpic
reproduction.The Peyssameliales exhibits a consistent vegetative and reproductive
architecture.such that we find it impossible to reconciletisggnmentf Atractophora
to this‘erder We therefore propogaacing the genuAtractophorain the
Atractophoraceae fam. nov., Attaphorales ord. nov.

Schils et al. (2003) noted similarities between the Naccariaceae and the

monotypic genusiagorothamniondescribed as an atypical member of the
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Ceramiaceae (Huisman et al. 2000hese similarities include the formation of sterile
cell groups on the supporting cell and carpogonial branch cells. However, many key
features of its vegetative apdstfertilization development are closer to those of
Atractophorathan to the rest of the Naccariaceée particular, the vegetative axis
consists.efaynarrow axial filament lacking the expanded “jacket” cells olsiartiee
Naccariaceae (Huisman et al. 2000, Schils et al. 2008¢ formationn
Liagorothamnionof gonimoblasts from the fertilized carpogonium following fusion
with thersuppting cellalso contrasts witNaccariaand the rest of the Naccariacese
which the carpogonium first fuses with the hypogynous cell (Kylin 1928, Hommersand
and Fredericg 1990). Based on this anatomical evidence we propose that
Liagorothamnion(for Liagorothamnion mucoiddgduisman, D.L.Ballantine &
M.J.Wynne)e placed in the Atractophoraceae.

Lindstrom (1987) erected the family Acrosymphytadeased mainlyn the
terminal rather than intercalary position of the auxiliary cell for species of
Acrosynphytonversushe Dumontiaceasensu stricto Lindstrom (1987) commented
on similarities to th&€alosiphoniaceae or Naccariacelagt argued for a separate family
because members of the Calosiphoniateae intercalary auxiliary cells whithose of
the Naccariaceaaere considered procargit contrast to the terminal auxiliary cells
and nonprocarpy of the Acrosymphytaceae.

Tai et al. (2001) provided molecular evidence in support of the
Acrosymphytaceae as distinct from the Dumontiaceae and furthesstadgghat this
family might'not even be a member of the Gigartina&sunders et al. (2004)
expandedwon that study and uncovered a strong association of the genus
Schimmelmanniat that time assigned to the Gloiosiphoniaceae (Gigartinales)theith
AcrosymphytaceaeThis was an interesting discovery because species of
Schimmelmanniadespite beingrocarpic, produce a terminal auxiliary cell as in the
Acrosymphytaceae and unlike the generitype of the Gloiosiphoniaceae (Kylin 1930)
Saunders etqal. (®4) transferrechimmelmannito the Acrosymphytaceae despite
the respective procarpic versus nonprocappstfertilization patterns, placing
taxonomic significance on the terminal auxiliary cellhie Acrosymphytaceae
(including Schimmelmannjaveakly resolved in a largetade including the Ceramiales

(members of which also pidlace terminal auxiliary cellgnd the Calosiphoniaceae
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Despite the previous molecular indications, Saunders et al. (2004) retened t
Acrosymphytaceae and Calosiplameae in the Gigartinales arguing that formal
taxonomic proposals were prematuubsequent molecular analyses by Withatd
Saunders (2006) were sufficiently robust to recognize a new ordécfosymphyton
andSchimmelmannigAcrosymphytales, soliglresolved as sister to the Ceramiales
with the Calosiphoniaceae as sister to the previous two or@ileesCalosiphoniaceae
were‘considereohcertae sedipending study of the generity@alosiphonia(Withall
and Saunders 2006).he Calosiphoniaceaeman a distinct lineage in our analyses
(Fig. 1); owever, taxonomic proposals remain premature as we lack moldetdafior
both the type oSchmitzisand, more importanthGalosiphonia

The resolution of our new Tasmanian spegieothesaurungemellifilum
within the"Aerosymphytales prompted us to consfderily-level taxonomy.
Acrosymphytots highly distinctive fromAcrothesaurunand Schimmelmannias it is
characterized by carpogonial branches bearing pinnate laterals, production of prima
connectig filaments on presumed fertilization that first fuse with cells of the
carpogonial-branch laterals, which in turn issue lengthy septate secondary connecting
filaments that seek out distamte(, norprocarpic) auxiliary cells terminating short,
unbranched“adventitious” filaments, diploidize them, and then continue on to effect
largemumbers of further diploidizations (Sjostedt 1926, Kraft 1981, figMillay and
Kraft 1984, figs. 7-9, 15)Schimmelmanniaon the other hands procarpic witrthe
supporting.cell bearing both the carpogonial and auxikati/branches, the former
simple and not pinnate asAcrosymphytoriKylin 1930). Following fertilization in
Schimmelmannithe carpogonium typically undergoes one or two divisions (with one
exception Ballantine et al2003), with one of the resulting cells fusing dikgtd the
auxiliary cell (Kylin 1930), again in stark contrastAcrosymphytonOur new
Tasmanian genugcrothesaurumdiffers from bothAcrosymphytomand
Schimmelmannian that folowing fertilization the carpogonium fuses directly with an
auxiliary cellwithout intervening connecting filaments or connecting cellsgotisely.
It is further unusual in blurring the lines between procarpy and nonprocarpy in that
auxiliary cells araiploidized both in the same and in separate branch systems by post-
fertilization carpogonia To avoid paraphylyKig. 1; Table 3, and in consideration of

the significant anatomical differences facrosymphytomelative toAcrothesaurunand
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662 Schimmelmama, we haverecognizé the latter two at the family level in the

663 Acrosymphytales.

664 The blurring of the procarpic and nonprocamgmaditions inthis family may

665 represent a transitional state from the procarpic Schimmelmanniaceae to the elaborate
666 nonprocargreharacteristic of the Acrosymphytaceae (Fig.The sister relationship of
667 the Acrosymphytales to the procarpic Ceramiales, combined with the early divergenc
668 of the"procarpic Schimmelmanniaceae, render it parsimonious to conclude thgtyroca
669 s ancstralitornonprocarpy in the Acrosymphytalé&r this lineage at least, this

670 reverses the longtanding paradigm that nonprocarpy is an ancestral condition to

671 procarpyand.that the Ceramiales are the apogee of red algal evdlkitibm 1956).

672 Acrothesaurungemellifilumis another novel addition to our knowledge of

673 Tasmanianalgal biodiversity as it displaggjetativecharacters seemingly typical of

674 the Gloiesiphoniaceae (Gigartinales), a family heretofore unknown in Australia

675 (Womersley 1994)Molecular analyses, however, revealed an unexpected alliance with
676 the Acrosymphytales, a small order including species that classical morphologists
677 would not have been likely to classify correctly. Recognition of the Acrosymphytales
678 as presented here emphasithesimportance of the terminal auxiliary cell as a

679 diacritical marker among “gloiosiphonioid” taxa (Yeh and Yeh 2008, p. 3Bi7&.

680 affinities,of the gener&loeophycusandPeleophycusieed consideration as both are

681 atypicalmembers of the Gloigshoniaceae in being characiked by terminal auxiliary
682 cells

683 Gloeophycuss lubricous in habit and lacks the pinnate carpogonial branch of
684 the Acrosymphytaceae (Lee and Yoo 1979)s procarpic and in this regard more

685 reminiscent of the Acrothesausse and Schimmelmanniaceae, although more akin to
686 the latter (Kaneko et al. 1980). Pending much needed insights of molecular data this
687 genus is provisionally placed in the Schimmelmanniaceae, Acrosymphytales.

688 Peleophycuss a Hawaiiarendemic monotypic genus (Abbott 1984)mited

689 LSU data (664 bp) in GenBank (HQ421875) Raleophycus multiprocarpius

690 |.A.Abbett solidly ally this genus to the Acrothesauraceae (not sholike.

691 AcrothesaurumP. multiprocarpiugs lubricous, has similarly structured |agks

692 (Abbott 1984, figs 2, 7, 8), spermatangia (Abbott 1984, fig. 9), and

693 carpogonial/auxiliary-cell branches (Abbott 1984, figs. 5 andt@iffers in the
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relative simplicity of its rhizoidal cortication (Abbott 1984, fig. 4), which apparently
does not produce perpendicular corticating filaments, the division of presumably
fertilized carpogonia and the diploidization of auxiliary cells by a connecting cell
produced by a derivative cell of the divided carpogonium, and an apparent lack of the
stout tubulagonimoblasts that arise from proximal auxiliagll surfaces to connect to
subtending.centradxial cells WhereasPeleophycusvas reported as strictly procarpic
(Abbott 1984,"p. 330), the possibility that carpogonia can diploidize auxiliary cells in

separate branch systems as noted her&dmthesaurunshould be explored.
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TABLE 1z Bayesian posterior probabilities and RAXML bootstrap values corresponding

to the nodesiin Figure 1. Results are incluidedhe original alignment without

Partitionkinder _partitioning schemes (ngRE., fully partitioned) and with

PartitionFinder (F), as well as maximum likelihodabotstrap values for the “stripped”

alignments'without PartitionFinder partition schemeasiizs+) indicate nodal support

below 50%. nfa indicates a node that was not resolved.

Full alignment

Bayes ML Percentagef stripping for ML no PF
analyses
Nodes .o PF no PF 5% 10% 15% 20%  25%
PF PF

A 1 0.97 100 100 100 100 100 100 100
B 0.99 097 93 92 90 94 90 68 55
C 094 090 66 66 65 81 50 - n/a
D 099 097 96 97 97 96 71 61 n/a
E 1 0.95 89 91 97 79 na 54 n/a
F 099 090 52 49 54 76 73 80 -

G 0.99 1 65 66 67 76 71 - -

H 0:99= 099 77 77 75 92 87 61 55
I 0:99.. 0.97 89 89 87 90 80 80 -

J 0:99¢ 0.97 97 96 96 99 95 86 55
K 0.51 n/a n/a n/a n/a na n/a 60 -

L 0.89° 0.78 - - - - 53 b1 n/a
M 099 0.97 100 100 100 100 n/a 100 100
N 0.98w 095 66 66 76 71 nfa - n/a
a 099 099 96 98 98 97 99 100 98
b 0.99 1 100 100 100 100 100 100 100

This article is protected by copyright. All rights reserved



891

892
893

894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911

c 0.99 1 80 81 85 81 80 50 53
d 095 094 68 69 75 81 83 68 58
e 1 1 100 100 100 100 100 100 89
f 1 1 100 100 100 100 100 100 100
g 1 1 100 100 100 100 100 100 100
h 0.99 1 100 100 100 100 100 100 99
i 0.99 1 100 100 100 100 100 100 100

T 1 100 100 100 100 100 100 100
Kk 0.99) 0.98 100 100 100 100 100 100 100
m 0.99, 097 64 64 77 70 55 67 61

Figurelegends

Fig. 1. Bayesian phylogeny for multigene alignment analyagdfull partitioning
Letters at nodes refer to respective support values in Tablewltaxa in bold type.
The outgroup.Corallinophycidae have been cropped from the figure to facilitate

presentation'Scale indicates substitutions per site.

Fig. 2. Specimen CO0028&m the brothers Crouan herbarium housed aMhbséum
National d*Histoire Natwlle - Marinarium de Concarned@O)is here designated as

the lectatype oAtractophora hypnoides

Fig. 3a-m. Vegetative and reproductive structuweatractophora hypnoides
gametophytes culture The culture was isolated from tetraspores of fmtlected
Rhododiscus pulcherrimuAbbreviations: ax, axial cell; b, first (basal) carpogonial
branch cell; c, carpogonium; cs, carposporangium; f, fusion cell; g, gonimoblasgi,cel
gonimoblastsinitial; h/hy, hypogynous cellj1;l4, lateral cells of carpogonial branch; s,
spermatangium; sm, spermatangial mother cell; sp, spermatium; su, supgelting
trichogyne.]

a. Uniaxial erect axis &. hypnoide4.8 d after inoculation of tetraspores, showing

distichous branching pattern.
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b. Erect axes after 29 d in culture, developing cruciate arrangement of whatilbtan

c. Apex of thallus after 46 d, showing transverse apical cell division, repasgiohi
whorls around axial cells by elongation of axial cells, and terminal(daow).

d. Corticationof axis (at 90 d) by downgrowing rhizoidal filaments produced by basal
cells of whorl branchlets sded).

e. Tufts ofspermatangial mother cells bearing spermataaitga 46 d.

f-i. Stages of'development of carpogonial branch.

j. Diagramrof'structure of mature carpogonial branch showing tufts of small "nutritive"
cells on'the hypogynous cell, first carpogonial branch cell, and fourth lateral cell.

k. Carpogonial branch after fertilization, with spermatium attached to trichogyne
Carpogonium and hypogynous cell appear to have fysetijberance has developed
from supporting cellto which lateral celfl) is attached

l. First carpogonial branch cell has apparently been included in fusion strustuesf

by carpogonium, hypogynous cell and supporting cell, which has produced branching
gonimoblast filaments.

m. Gonimablast filaments of mature carposporophyte, bearing terminal carposgorang
after 95 d.in culture.

Scale bars‘represent:lg,50um;c, d,i, 20 um; e-h, j-m, 25 pm.

Fig. 4a-i. Reproductive structures #&f hypnoidegametophytes culture.
[Abbreviations as for Fig. 3.]

a. Thallusapex bearing tufts of spermatangial branches (arrows).

b. Spermatangial mother cells giving rise to spermatangia.

c. Thallus with spermatangial tufts and mature carpogonial branch (arrow) with long
trichogyne and numerous attached and unattached splsprecadatia.

d. Young carpogonial branch with developing trichogyne.

e. Mature carpogonial branch showingedled structure.

f, g. Postfertilization development, with interpretation of complex structure drawn in
multiple,focal planesCarpogonium has fudeawith supporting cell, still attached to
axial cell (large arrow) to form fusion cell (shadeghnimoblast initial and
gonimoblast filaments produced from carpogonial end of fusion cell (shown in f).

Second fusion cell consisting of hypogynous cell finstl carpogonial branch cell (lies
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over carpogonium); third fusion cell formed by lateral cells 2 and 4; three groups of
small nutritive cells (nut; small arrow) attached to these fusion cells.

h. Fusion cell (large arrow) with group of small nutritoedls (small arrow indicates

one cell).

i. Branchingsgonimoblast filaments with terminal cells developing into carposparangi

Scale bars represent: a, 100 um; b, d, 5 um; c, 20 i ripgsm.

Fig. 5a-f."Wegetative and reproductive structureAtodictgphora hypnoides
tetrasparophytes in culture

a. Poorly attached spore (left) produced long filantest by lateral branchinigrmed a
discafter.31 d

b. Radial'vertical section of crust (at 102 d), showing origin of erect filamemts fr
basal layereedl, and elongated apical cells.

c. Stained crust from below. Polyflabellate pattern formed by cessation of growth of
most filaments soon after branching.

d. Radial vertical sections of crust showing origin of two erect filaments from long basal
layer cells and pigmented apical ce(lshaded}hat develop into tetrasporangia (t)
following transfer to short daylengths (8 h).

e. Surface,view of crust with mature tetrasporangia; patchy appearance results from
discharge of spores.

f. Verticalsection throughdid-collected tetrasporophytagRhododiscus
pulcherrimu3with developing and mature tetrasporangia.

Scale barswrepresent: a, 50 um; b, d, 20 um; c, e, f, 25 um.

Fig. 6a-]. Acrothesaurungemellifilumvegetative and spermatangial features of
holotype(GWS016355).

a. Slide-mounted fragment serving as holotype.

b. Habit of entire specimen from which holotype slide weepared

c. Graduallytapering tips of indeterminate laterals, with higbeder laterals (arrows)
arising from epiperiaxial cells of whorl brashlets

d. Whorl laterals borne on periaxial cells ringing distal poles of ceaxial cells

higherorder lateral (arrowhead) growing from gariaxial cell (arrow).
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e. Apical cells ofwhorl-laterak that project into vegetative hairs (arrows).

f. Rhizoids initiated basipally from periaxial cells that also bear carpogonial (arrow)
and auiliary-cell (arrowhead) branches.

g. Basipetallygrowing rhizoids (arrowheads) producing lateral branches.

h. Completesinternodal cover of centaatial cells by perpendicular @ggminate laterals
borne on.rhiridal filaments.

i. Whorllateral of monoecious gametophyte with spermatangia borne singly
(arrowheads) or in multiples of two or three (double arrowheads) formed terminally or
subterminally, with an auxiliargell branch (arroyvdirected basipetally from a

periaxial cell.

j. Crosssection of a gametophyte axis with terminal spermatangia on whorl laterals

borne on'thefour periaxial cells (arrowheads) surrounding the camtaffilament.

Fig. 7a-h. Acrothesarum gemelliflumfeaturesof pre-and presumablpost-
fertilizationevents (GW816355). Designations “a”, “b”, “ac” are basal, epibasal and

auxiliary cells; respectively; designations “1”, “2”, “3”, “cp” are basal, epibasal,
hypogynous cells and carpogonia, respectivedg” = supporting celbf carpogonial
and/or auxiliaryeell filaments)

a. Periaxial.and epperiaxial (double arrowheadsglls bearing numerous auxiliacgll
branches (arrowheads) and an immature carpogonial branch with rudimentary
trichogyne,(arrow).

b. Peiaxial and epiperiaxial cells bearing auxiliargell (arrowheads) and carpogonial
branchesytrichogyne of one (arrow) apparently breaking down and leaving hypogynous
cell the size and position of an auxiliary cell.

c. Terminal auxiliary cells (ac) and threarpogonial branches with early trichogynes
(arrows).

d. An anomalous five-celled carpogonial branch, carpogonium bearing a long sinuous
trichogyne_(arrow).

e. Carpegonial branch with adjacent auxiliary cells (ac), trichogyne (aextghding

to whorl surface and apparently bearing attached spermatium (arrowhead).

f. Attachment of carpogonium to auxiliary cell (arrowhead) of sibling filament on

supporting cell (sc) and cutting off of single gonimoblast initial (1'gbl).
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g. Threecelled stage of early gonimoblast (gbl) following procarpic fusion of
carpogonium and auxiliary cell (arrow).
h. As first gonimolobe matures, two basally directed arms of unknown function grow

from extended auxiliary cell (ac).

Fig. 8a-f. Acrothesarungemellifilumgonimoblast and carposporophyte features
(GWS016355). (Photo annotations as in Fig. 7.)

a. Fused carpogonia (arrow) and auxiliary cell,(kd)erviewed end-on and stoutly
connected to gonimoblast initial (gi), which subtends early first gonimolobe.

b, c.Diploidized auxiliary cellseen siden (ac), cells eccentady swollen and
bearing'early/(5b) and mid (5c) primary gonimolobes.

d. Terminal'fusion of two auxiliargell arms (arrows) to adjacent centaaial cells
(arrowheads).

e. Mature primary gamolobe on auxiliary cell (arrow) that has issued two inwardly
growing arms (arrowheads) that are yet to fuse with ceaial cells

f. Mature carposporophyte consisting of three gonimolobes (gl-13)-8f successively

maturing crops of carposporaagi

Supplementary Material

Fig. S1. An alternative topology generated by neighbor-joining with the HKY model to
assess the.effect of the starting tree onSi@Stripperanalyses.

Table S1. A'list of the taxa used in this study with the corresponding GenBank
accessions:for the five genes used in phylogenetic analyses.
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Ceramium
ntroceras
Ptilota

—

Grinnellia

Sorella

Inkyuleea

Heterosiphonia

—

= Schimmelmannia schousboei

k== Schimmelmannia plumosa
Schmitzia sp. 1WA
Schmitzia sp. 2WA

Acrosymphyton purpuriferum
Acrosymphyton caribaeum

| d
C
I
] | — Acrothesaurum gemellifilum Acrothesauraceae
f

Pterocladiella Gelidiales

g e Gracilariopsis
Gracilaria

Melanthalia

Predaea

_:Platoma
Schizymenia

Nemastomatales

Zymurgia
Prionitis
Cryptonemia
Halymenia
Isabbottia

Halymeniales

Pachymenia
e Scbdeniaceae sp._lunknown

<

Crassitegula imitans
E Crassitegula walsinghamii
Chrysymenia
Sparlingia

— Asteromenia
Hymenocladia

Chylocladia
— Coelothrix

m

_: Gloiocladia

Leptofauchea
Lomentaria

Stirnia

e Fryeella
Hymenocladiopsis

Schimmelmanniaceae

Calosiphoniaceae (incertae sedis)

—

Plocamium

Sarcodia Plocamiales
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Atractophora Atractophoraceae Atractophorales

G Sonderophycus
b -; Peyssonnelia atropurpurea

Peyssonnelia dubyi

Peyssonneliales
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