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Abstract

With over a thousansgpecies, th&®hodomelaceais the most speciesch family of red
algae. Whileits geneflzave been assigned to ttdbes the highlevel classification of

the familyhas never been evaluated with a molecular phylogéene, we reasssits
classificationby integratinggenomescalephylogeretic analysisvith observations of

the morphological charactersdades In order to resolve relationships among the main
lineagessofithe familyve constructed a phylogerwith 55 chloroplasgenomesg2

newly determined). The majority bfanches were resolvedth full bootstrap support.
We then'added 26®cL, 125 18SRNA geneand 143oxl sequence® construct a
comprehensive phylogeny containing nearly half of all known species in the family
(407 species in 89 generdnese analysesuggest the same subdivision into higher-
levellineages but included manpranchesvith moderate or poor support. The
circumscription for nine of the 13 previously described tribes was supported, but the
Lophothalieae, Polysiphonieae, Pterosiphonieae and Herposiphonieae required revision,
andfive new.tribesand one resurrected tribe were segregated from tRaimoid
anatomy.is highlighted as a key diagnostic character for the morphological defineat
of severallineaged.his work provides the most extensive phylogenetic analysigeof
Rhodomelacea® date and suessfully resolvethe relationships among major clades
of the family:-"Our data show thatganellagenomes obtained through high-throughput
sequencing produaceell-resolved phylogenies of difficult groupad their more

general applicatiom algal systematics will likelypermit deciphering questions about

classification at many taxonomic levels

Key words:chloroplast genome|assification phylogenomics, red algae,
Rhodomelaceae, Rhodophytiahes.
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List of abbreviationscoxl, cytochrome oxidase subunit 1; eexempli gratiarbcL,
ribulose 1,5-bisphosphate carboxylase/oxygenase large sulsyniersus 18S, small

subunit ribosomal RNA gene.

INTRODUCTION

The Rhodomelaceas the largest family of the red algaeith 1,054speciesand 149
generaecognizedGuiry andGuiry 2017). The numbeiof speciess probably
underestimated as ndaxaareoftendescribedvhendetailed studies using molecular
data areperformed (e.g., Sherwood et al. 2DME@hinSanchez et al. 2016, Savoie and
Saunders 201®iazTapiaet al. 201@). Moreover, thee is a largenumber of

synonyms and taxonomic entities of uncertain stgtagicularly in the most diverse
genera such a&olysiphoniaandLaurencia(Guiry and Guiry 2017)Most of these
unknownentitiescorrespond to species described in the &i8d 18 centuriesand a
proper reassasient mayleadto the resurrection (fomeof thesdaxa The enormous
speciescounhn the familyis mirrored inhigh morphologicatliversity, particularlyof
vegetativeorganization Thalli rangefrom awide variety of simple, filiform
architectures to more complex pseudoparenchymatousture, as wellasdiminutive
parasiteskhe family is distinguished from other Ceramiales by a combination of
vegetative and reproductive chaexs(Maggsand Hommersand 1993, Womersley
2003). Themostsignificanttrait is thepolysiphonous structure (axial cell surrounded by

severabpericentral cellsyvith monopodially developeaixes

The Rhodemelacea®mm. cons. \&s established b&reschoug (1847as agroupingof

10 genera of which only four are currently retained in the famhg. first classification

of the' Rhodomelaceaeto tribeswasprovided by Schmitz (1889) and later updated
Engler (1892) and in Schmitz and Falkenberg (1897). Subsequently, Falkenberg (1901)
published anonumental monograph withmoreextensive and detailed integrative

study of the familyThe 73 genera recognized by Falkenberg waessfied into 12

“Familier’ (equivalent tatribes)andtwo unnamed groupsvhile five remained
unplacedTables Sland S2in the Supporting InformationA major modification in
Falkenberg’s classification was the resurrection of the family Dasyaceae Kitzing (later
supportedy Rosenberg 1933) for a group that he considered a trib&éasilte’) of

the Rhodomelaceae. Kylin (1956), in his classification of the red algal genera,
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86 essentially followed Falkenberg’s treatise, &lsbproposed five new “Gruppen”
87  (equivalent to tribed:.evringiella Picconiellg Placophora Streblocladiaand

88  Pleurostichidiuny.

89  The most recertomprehensivelassification of the familjHommersand. 963)

90 recognized 13 tribeendmaintainedhreegeneran an uncertain positiofTables S1

91 and S2). Comparing Hommersand’s (1963) treatise with Falkenberg’s (1901)

92  monograph,.the circumscription tbfe tribes Amansieae, Rhodomeleae, Heterocladieae,

93 Chondrieae, Laurencieae, Polyzonieae and Bostrychtae sameAlthough the

94  Lophothalieaewas recgnized in both classifications, Hommersand (1963) included

95 it seven genera that Falkenberg had placedher tribes om the unnamed groupas

96 well as seven genera described after 18ikewise, the Pterosiphonieae was

97  recognized.by both authors, buio of its genera AphanocladiaandPollexfenig were

98 placedin the Polysiphonieae by HommersaAdnajordifference between these

99  monographssis that Hommersand merged the tribes Polysiphonieae and
100 Herposiphoenieae. Hommersand atsaintanedthe separation dhe tribes
101 Pleurostichidieae and Streblocladigaeposed by Kylin (1956). In addition to the tribal
102  classificationHommersand (1963) proposed three subfamilies (Bostrychioideae,
103 Rhodomeloideae and Polysiphonioideae), of which onlyitsigtwo were maintained

104  in a subsequent publication (Maggs and Hommersand 1993).

105  Later workon the Rhodomelaced&ecused orparticular taxa within the family and

106  resultediinsth@ecognition of 58 new or resurrectgenera that were placed in

107  previously established tribes mmainunplaced Tables S1 and S2). Furthermore, the
108  Brongniartelleae was segregateam the Lophothalieae (Parsons 19 thetribe

109  Neotenophyceawas describetbr the parasitigenusNeotenophycu@<raft and Abbott
110 2002), and th&onderelleagvas establishefibr two genera previously assigned to the
111 Delesseriacea@hillips 2001).

112 Since the"introduction of molecular todts macroalgakystematicssome taxa of the
113  Rhodomelaceae haween studieth attemptdgo clarify relationships among genera
114  within the Palysiphonieae (Choi et al. 2001, Barbara et al. 2013, T2jgiz-et al.

115 20170, Pterosiphonieae (Savaed Saunders 2016), Bostrychiedadcarelloand

116  West2006),LaurencieadNam et al. 1994Martin-Lescanne et al. 201Qassano et al.
117 2012, Metti et al. 201,9Mlachin-Sanchez et al. 201Rousseau et al. 201 Amansieae
118  (Phillips 2002a, bPhillips and De Clerck 2005, Phillips 20Q6)eterocladieae (Phillips
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et al.2000) and Pleurostichidieae (Phillips 2000pllectively,these studies have
demonstrated thalhe traditionally employed molecular markers (XBBIA andrbcL
geneshpre unable tdully resohe phylogenies, especially at the taxonomic lewéls
genera and tribe3his problem igarticularly obvious in the Polysiphonie@d2iaz
Tapiaret al=201b) and BostrychieaéZuccarelloandWest2006). Qher tribes
(Chondrieae, Polyzonieae, Herposiphonieae, Lophothalieae) have been almost
completely‘ignored in phylogenetic studies, and a molecular phylogeny of the whole
family hasnever beemttemptedTherefore, the curremtibal classification of the

family is still basedalmost entirelyon morphological characteasid the correlation

between morphological and phylogenetic groups hagettteen tested

Organellar phylogenomids avaluable approach to resolving difficult phylogenies

deep level.relationships numerous groups of organisms (i.e., Ma et al. 2014, Lu et al.
2015,Leliaertet al. 2016)In the red algae, the chloroplast genome is lage(about

180 kb)gwithra highly conserved structure that includes the most diverse set of genes
(about 200)-known in the Archaeplastida (Janouskovec et al).28d®ever, red algae
arestill underrepresented genomedatasetsgespitepromising resultsvhenever they

have been applied to phylogenetic studies (Costa et al. P@&6t al. 2015

The objectiverof this works to produce the first comprehensivelecular phylogeny of
the Rhodemelaceae and use it to evaluate and update theveghkassification of the
family. Our approach relied aesolhing phylogenetic relationships among the major
lineages ofithe Rhodomelacaasng phylogenomics based on 45 (42 newly sequenced)
chloroplasigenomes foselected representative tadfthe main clades of the family, as
well as I"ehloroplasgenomes of other Ceramial@d® newly sequenced) to be used as
outgroups. In order to getieetterphylogenetic view on the rich species diversity of the
family, we assembled a second datasfe407species in 89 genera based on more
comprehensive sampling of thecL, 18SrRNA andcoxl genes, and constructed a
phylogeny constrained using thenomescaletree as a backbonkn orderto re

evaluate thertribal classification of the Rhodomelaceamt@gpreted both phylogenies

alongwith,morphologicatcharacterselevantto the delineationof tribes

MATERIAL SAND METHODS

This article is protected by copyright. All rights reserved



150
151
152
153
154
155
156
157
158
159
160
161
162
163

164
165
166
167
168

169
170
171
172
173
174
175
176
177
178

179
180
181
182

Taxon samplingT o identify the main lineages of the family Rhodomelaceae we
constructed mrbcL phylogenetic tree including thea. 500 sequences available in
GenBank, as well asa.1,000 new sequences generated in our study according to
methods described in Saunders BMuDevit (2012).In generatinghewsequences, we
sampled-extensively iAustralia where the diversity of the Rhodomelaceae is
particularly highwith nearly alltribes representedutfrom wherevery little molecular
datawere availableUsinga preliminary tree from this densely sampled dataset, we
selected one to four species of each major lineage for high throughput sequencing. For
the highly diverse (300 spp.) yet very poorly resolved tribe Polysiphgriiéapecies
were sequencedhis resulted in a total &2 selected specigg2 Rhodomelaceae and
10 othepCeramiales as outgrouphreepreviously recognized tribes
(Pleurostichidieae, Heterocladieae and the parasitic Neotenophya@raekcludedas
we could notellect newmaterialfor them. These are small tribes, containomg,three

and onespeciesrespectively.

Data collection Total DNA was isolated with an adapted cetyltrimethylammonium
bromide (CTAB) protocol (Doyle and Doyle 1987). In summarysas were

incubated for'1 h in CTAB buffer with proteinase K and extracted with 24:1
chloroform:isoamyl alcohol. DNA was precipitated using 80% isopropanol at 4°C for 1
h and_ eluted in 0.1 TE buffer.

Barcoded sequencing libraries (350 nt) of théOBIA extracts were prepared withe
TruSeq:NanesLT kit. Because the Verbruggen lab carriesrganellar genome
projects‘of both red and green algae, we pooled DNA extracts of red and green algae
prior to library preparation, resulting in redulcosts, and the assembled genomes
separated using bioinformatics (e@asta et al. 2016). Libraries were sequenced either
on lllumina HiSeq 2000 at the Genome Center of the Cold Spring Harbor Marine
Laboratory or lllumina NextSeq at Georgia Genomics Facility. Assembly and
annotation of the genomesereperformed apreviously describederbruggen and

Costa 2015sMarcelino et al. 201&enBank accgsion numbers for annotated genomes

are provided in @ble S3n the Supporting Information.

Sequence alignment and phylogenetic analysesassembled a dataset consistihg o
the 51 newly sequenced chloroplast genomes, an incomplete gapalysphonia
tege$ for which we recovered 79 genes and the four genomes previously published for

the order Ceramiales (Salomaki et al. 2015, Verbruggen and Costa 2015, Hughey and
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183  Boo 2016)All protein-coding genes were aligned at the anaoca level using

184  MAFFTV7.245 (Katoh an&tandley 2013) using default settiragsd checked visually

185 in Geneious 6.1.7. Nucleotide alignments were constructed based on the inferred amino
186  acid algnments using renslatoX (Abascal et al. 2010). lgnments were then

187  concatenatednd phylogenetic trees inferred with maximum likelihood.)

188 RAXMLn¥8.0.26 (Stamataki3014) with GTR+I" andCPREV+I'+F modesk for the

189  nucleotideTan@minoacidalignments, respectively, and using 100 traditional bootstrap
190 replicates (Felsenstell®85).Further analyses were carried out to assess the sensitivity
191  of these analyses to model choice (MEAG) and partitioning of the data into codon

192  positions.

193  While thechloroplastgenome dataset sest® infer a solid backbone for the initial

194  diversification,of the familyit represergless than 5% of the species in the family. To
195 obtain a tree with higher species diversity, we assembled a dataset cort@éiing.,
196 125 183FRNA"geneand 143toxl seuences for additional species, well as 5@ébcL,

197 54 18SrRNAsgeneand 51coxl sequences for speciggluded in the genomscale

198 phylogeny. Genbank accession numberdlese sequences are provided in TablenS4
199  the Supporting Information.hie total number of species in this treas418: 407

200 members.obf the Rhodomelaceae andrEpresentatives of related familiesaams

201  outgroup:The tiree genes were available for§8ciesbut there was a substantial

202 amount ofmissing data in this matrigd5%).A binary constrained phylogeny was

203  constructed using tHiRAXML chloroplast genome phylogeny based on the nucleotide
204 alignment(eenstructed as explained above) as the backbone and adding the

205 concatenatedlignmentwith therbclL, 18SrRNA geneandcoxl sequences. Data were
206 analyzed using rapid bootstraping in RAXMLdaam GTR + CAT model (Stamatakis
207  2014)=Catarwere partitioned to allow the more densely sampled gdraks ¢oxl and
208 18SrRNA"geng to have different model parameters than the remagengs from the
209  chloroplast genome datBurthermoregoxl andrbclL genes wereachdivided into two

210 partitiors based on codon positiofiS'+ 2" 39).
211
212 RESULTS ANDDISCUSSION

213  We determinedl complete chloroplast genomes for the Rhodomelaceae, a partial

214  genome folPolysiphoniateges(79 genes) and 10 complete genomes for other
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215  Ceramiales to be used as outgroups. The genomes were identical in structure to those
216  previously reported for the group (Salomaki et al. 2015, Verbruggen and Costa 2015),
217  and a detailed description of the new genomes will be provided elsewhere. For the

218  purpose of this paper, we required only the gene data to build alignments, and from our
219  52newgenomes plus 4 downloaded from GenBank, a concatenated alignment of 56
220 taxa and 194 genes (146,187 nucleotides) was obtained.

221 Chloroplast phylogenomics resolved the relationships amongadiw linegesof

222 Rhodomelaceawith full supportfor the vast majority obranchegFig. 1). The

223 topology'wasirobust to analysing the data as ntidepor aminacids (Fig. 1 vs. Fig.
224  Slin the Supporting Information), different models of sequence evolution (WAG, LG;
225  not shown) and partitioning strategies (genes, codon positions, both combined; not
226 shown).Ihe position ofThaumatella adunce the only exception, as it was resolved
227  with high support as sister to thadtlomeleae in the nucleotide tree wiiite

228 relationships'within the family wengnresolved in the amino acid tree (Fig. Shese
229  phylogenesincluderepresentative taxa for ten of the eleven tribes recognized in

230 Falkenberg (1901)classification, as well as for the Sonderelleae established by

231 Phillips (2001). While a number dfese tribesorm well-supported clades the

232 genomesealephylogenes somesplit into different, unrelated lineagdsor example,

233  the gener®igeneaandBryothamniorarenot closely related to other members of the
234  Polysiphonieae whettey are currently placdaut form a separate, eaflyanching and
235  well-supported lineage.i@ilarly, thegenusThaumatellas not grouped with the

236  Lophothalieae but forms an early-branching lineage. We prapose and the

237  resurrection of an existing trider both of these earlipranching lineageg he

238  Polysiphonieae as traditionally defined forms a monophyletic clade with 96% bpotstra
239  suppeortinrourtree, but it consists of two divergent lineages and we propose their
240  recoghnition as tribes (Streblocladieae and Polysiphoni€gdidocladuspreviously

241  thought to berelated to genera belongm¢hePolysiphonieaes resolved asra

242  isolatedtaxonthatshould alsde placed in its own tribélerposiphoniaand

243  Dipterosiphoniatwo lineagescurrentlyin the Herposiphonieaaregrouped together in
244  the tres but'with poor supponh the nucleotide phylogen$6%; Fig. 1), and we

245  proposeo place them in separate trib@fie delineation of these fonew tribesand the
246  Alsidieaeis further discussed below. The proposals to diteefamily irto three

247  subfamiliesBostrychoideae for the tribe Bostrychiea®hodomeloideador the tribes
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Rhodomeleae, Lophothalieae, Heterocladieae and Polyzoam&&olysiphonioideae,
for the tribes Amansieae, Chondrieae, Laurencieae, Lophosiphonieae nom. nud.,
Pleurostichidieae, Polysiphonieae, Pterosiphonieae and Streblocladieae nom. nud.
Hommersand 1963) or twsubfamiliegBostrychoideae for the tribe Bostrychieamnd
Rhodomeloidea®r the other tribesMaggs and Hommerad 1993)arenot supported

in the genomescalephylogeny.

With the aim ofgetting a more comprehensive phylogenetic view of this species
family, we _constructed eonstrainedree using thaucleotide genomseale treas
backbone and addir66rbclL, 125 18SRNA geneand 143oxl sequences
corresponding to 403peciesand 89 generaf the Rhodomelaced€ig. X in the
Supporting Information A schematic representation of the t(E&y. 2 shows that
while it iscongruenwith the genomescale treemanybranchesvere resolved with

only moderate olow bootstrap supportn this treewe recognized the same trildesm
the gengmescale tree excepor Bostrychieae, which was paraphyletic with respect to
Heterocladieaeln additiontherewasa range of additional earlyranching lineages
without close relative Thesencludethe formerly recognized tribes Pleurostichidieae
andHeterocladieae, the gen@phidocladusfor which we propose thebe
Ophidocladeaelhaumatlia, for which we propose the ThaumatelleaelCladurus

for whieh*we propose the Cladureae. Theezenalsadhreeearly-branching species
(Micropeucestrobiliferum HeterodasyanucronataandWilsonosiphonia howgivhose
tribal assignment requires further woillhe Heterocladieae waesolved among taxa of
the Bostryehieaaendering the latter paraphyletic. However, supfaorthis placement
was very.low.and it most probablsesulted frommissing databecausenly 18SrRNA
genesequences were available for the Heterocladieae, and thereniefive 18S
rRNA-genesequences for the Bostrychig@mstrychia simpliciusculeB. tenella of the
Peripherochapterodadein Fig. S2 andB. moritzianaBostrychiocolaxand
Dawsoniocolaof the Cladohapterodadein Fig. S3.

Below we_discussr more detail the classificatidhatemergedrom our phylogenies.
We will'present the groups in the order they appear in F@guirem the bottom
upwards Each tribe isnorphologically defined by a combination of vegetative and
reproductive characters afat detailed descriptions for previously established tribes
refer toFalkenberg (1901), Hommersand (1963), Womersley (2003) and for the
Sonderelleae tBhillips 2001). The brief descriptions provided below for each tilge
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281 intencedto highlight easily recognizable characters, as webrapose new key

282 charactersieeded to delineasmme tribesA summary of the key morphological
283  characters delineating tribes is presemetiableS5 in the Supporting Information.
284  More detailed descripti@of the new tribeareprovided in the “Formal taxonomy”

285  sectionatthesend of the paper.

286 The Sonderelleais an endemidAustralasiartribe that includeswo monospecific

287 genera $onderellaandLembergid. Thalli consist of lineablades with adorsiventral

288  strudureformed bythreeor fourpericentral cellsthetwo laterak producing the

289  ecorticate bladeand one or two pseudopericentrals. They lack trichoblasts; procarps
290 and spermatangia are formed on the blade surfaceharelardwo tetraspoangia per
291  segment in stichididBefore placement itheir own tribe by Phillips (2001) based on an
292  18SrRNA.genephylogeny,SonderellaandLembergiahad beerthought to beelated

293  respectivelyto thetribe AmansieaeHarvey 1859] indauer 1949, Womersleyo65,

294  2003) andthéamily Delesseriaceagschmitz 1889, Saenger et al. 19 R9th species
295 of theSonderelleagvere represented in tha@xon+ich treeand the tribe was resolved as
296  monophyletic with high supporE{gs 2 and S2)The genomescale treencluded

297  Sonderellaandevidencedts sister relationship with the trid@olyzonieaePhillips

298  (2001) hadalready predicted this because thasethe onlywo tribes of the familyn

299  whichthreepericentral cells can be observed in certain vegetative structures of some

300 species.

301 The Polyzenieae includes 17 specieBva generaCliftonaeg Dasyclonium

302  EchinosporangiunieveilleaandPolyzonig with anindo-Pacific distribution

303 characterized bgnelaboratestructure Thalli arestrongly dorsiventral andonsistof

304 indeterminatescorticate or corticatexeswith 6 or 7pericentral cellsbearing

305 determipate laterals in a regular pattéfhedeterminate laterals have 3 pericentral cells
306 and are simplebranched or foliose. Trichoblasts are persistent and pigmented

307 (CliftonaeaandEchinothamnioly deciduous and unpigmentdceyeilleg or absent

308 (DasycloniumandPolyzonig. Spermatangial structuresiseon determinate laterals
309  with a'sterile marginal flankprocarps and cystocarps are formed on branchestbeon
310 basal cell of a trichoblast, atle tetrasporangiare in stichidiaThegenomescale tree
311  resolvedCliftonaea pectinatandDasyclonium flaccidurm astrongly supported clade
312  (Fig. 1). Likewise, our taxonich treeincludingrepresentatives dbur genera resolved

313 the Polyzoniea@s monophyletic, although with low supp(@figs 2 and S2)Our
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314 results are in line with the general agreement regarding the generic composition of the
315 tribe (Falkenberg 1901, Scagel 1953, Hommersand 18@8jestingly, ar data

316 revealedsignificantcryptic diversity inDasyclonium incisunthreespeciegrom

317 Australiaand one from South AfricarbcL sequence divergence > 2.7,%3% well as in

318 Levellleajungermannioidg$wo species fromAustraliadiffering from a Korean

319 specimen-sequence divergence > 2.1 fitetype locality is in the Red Sea)

320 TheHeterocladieae isneAustralian tribewith three species ithe single genus

321  Heterocladia the delineation of whichas beenvidely accepted in all previous

322 classifications (Falkenberg 1901, Hommersand 1963, Phillips et al. 2080).

323  distinguished from other Rhodomelaceae by having four pericentral cells thuk divi
324  longitudinally forming 78 cells around the axial ceWith cortical and rhimidal cells
325 giving rise.toapseudoparenchymatous thallus that bears pigmémtédblasts The
326  procarps.and/spermatangial branches are formed on trichcoidstsie

327 tetrasparangium per segment develops in stichidia. Our taglotreeincluded 18S
328 rRNA genesequencefor the three known speciasd, in agreement with Rlips etal.
329  (2000), the tribe was resolved as monophyigigs 2 and S2)However, itwasplaced
330 together with'-members of the Bostrydmén an unsupported clade, which is probably
331  an artifaetresulting from missing data. Therefore, te&ationshp of this tribeto other

332  members‘othe familyshould be considered unresolved.

333  All earlier classifications recognized the Bostrychiéarethe genugostrychig as it is

334 clearly distinguished morphologically from other Rhodomelaceae (Falkenberg 1901,
335  Hommersand 1963}t is distributed worldwide, often in brackish environments, and is
336  mainly characterized by its filiform habit, consistioigaxeswith pericentral cells

337 dividingtransverselyo form tiers,the basal celbf which remains pitonnectedvith

338 the axial cellBostrychialacks trichoblasts, but has monosiphonous branches. The
339  spermatangiand procarps are formed on determinate branetigsa particular

340 development.of female structur@sdtetrasporangiéorm in whorlsin stichidia.

341  Furthermorethetwo parasitic gener@awsoniocolaxandBostrychiocolaxvere

342 includedhin the tribe based on their phylogenetic affinities (Zuccarello et al). 2064
343  threeBostrychiaspeciedor which we obtainedthe complete ldloroplastgenomewere

344  resolved in a strongly supported clade (Fig. A}jhe taxonrich tree(Figs. 2 and Spall

345  Bostrychiaspeciesvere placed together imainsupported clade, which in turn contains

346  two major cladesa speciesvithout close relativeand the Heterocladiea€he first
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clade which waspoorly suppored wascomposedf 17 species oBostrychia
(Peripherohapterenlade in Fig. S2), but the second one received high support, and
contained eighBostrychiaspeciesaandthe two monospecifiparasitic genera
DawsoniocolaxandBostrychiocolaXCladohapteron-clade in Fig. SThese clades

were namedrom andare in agreementith thetwo major groups delineated in the
Bostrychieae based on the anatomy of attachment organs: peripherohapteron and
cladohapteron(Zuccarello and We806).As discussedbove, and considering the
clear merphological differencethe positioning of the Heterocladieae among the
Bostrychiae ivvery likely to be an artifact explained by the lack of overlapping markers

from the two _tribes in our dataset.

The tribe Lophothalieae includéeingenera in Falkenberg($901)classification.
Subsequently, Hommersand (1963) addexther 14 severthathad ben placed in
different tribes byFalkenberg and sevelescribed sinc&901.Later, five newly
described"genera were allocatedhis tribe Joly andOliveiraFilho 1966 Wynneand
Norris 1982:Noble and Kraft 1983ylillar 2000aHuisman 2001 Morerecently, the

two Brongniartellaspecies were transferred\ertebratain the Polysiphonieagere
Streblocladieaghased on phylogenetic studies (Diagpia et al2017h. Therefore,

the Lophethalieae currentghcompasse®8 genera, each containing only doseven
species«#The tribe is distributesrldwide and mainly characterized by thalli consisting
of terete and radially branched axes that bear pigmented andgmisishoblasts.
Genera‘are delineated by characters such as the presence and degree mirGorticat
number of:pericentral cellsrichoblast anatomy, number of sterile groups in procarps,
tetrasporangiearrangement, and number and origfrcover cell§pre- or post-
sporangiglParsons 1975, Millar 2000a, Womersley 2003). On the other hand, nine
generasaresparasites and Hommersand (1963) placedrthieistribe mainlybecause
theyformtetrasporangia in stichidia. Otaxonvich tree (Fig. ) resolved with
moderate support a clade includingphothalia hormocladgsas well as species of
DoxodasyalLophocladia Murrayella, SpirocladiaandWrightiella. This clade is
represented in olgenomescale tredy Lophocladia kuetzingénd its phylogenetic
relationships within the family are still unclear (Fig. 1). Furthermideterodasya
mucronataandMicropeuce strobiliferunare two rogue taxa in the taxaich tree

placed as sisters to the Alsidies®l the Ophidocladeae with low support (Figs. 2 and
S2). More gene sequencase needed to resolve the phylogenetic relationships of these

This article is protected by copyright. All rights reserved



380
381

382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412

two taxaand claify whether they are in the Lophothalieaafahey shoulde placed in

different tribes.

Our phylogenies showed that the tribe Lophothalieae is not monophyletic as currently
circumscribed. In addition to the above-mentioned ctadihese twaogue taxa,
ThaumatellaVelerog aduncawas placed as sister to the Rhodomeleae stiiting

suppat in thegenomescale tre€Fig. 1). Theseresults, together with the placement of
Brongniartellain Vertebrata(asV. byssoideandV. australisin Fig. S2;DiazTapia et

al. 2017h, demonstratéhat pigmented anplersistent trichoblasts have evolved
independently irseveral lineagesf the family and further morphological traits are
needed toredefine the tribe. Two schemes for subdividing the Lophothalieae have been
proposed, though not generally accepRatsons1975)segregated the

Brongniartelleae from the Lophothalieae based on the number of sterile groups in the
procarps.(21),the absendpresence of postporangiatetrasporangiatover cellsand
trichoblasts*branched insingle plane/spirally brancheshbranchedHowever
Womersleyand Parsons (2003) merged them agamarsingle tribesuggestinghat a
tribal character may be the formation of tgb@angia in stichidh without trichoblasts
(LophocladigaHaplodasya vs. tetrasporangian normal branched his second

proposakis not supported in our phylogenyl.aghocladiais closely related to
Spirocladia barodensiwhich hastetrasporangisstichidia bearing trichoblasts
Interestingly, and despitbe fact thathe Brongniartelleae is not supported in our
phylogeny as a monophyletic taxon, four gen8raiigniartella Micropeuce Veleroa
andHeteredasyaamong the five currently recognizetipt Parsons dtibuted to this

tribe, and are/represented in dakonrich tree were not placed in the Lophothalieae
clade Therefore, the morphological delineation proposed by Parsons (1975) for the
Lophothalieae is consistent with our phylogenies. However, some kéyh

reproductive characters goeorly known in several species generapur analysis only
included representatives of nine19 nonparasitic generaurrently asigned to the

tribe, and the phylogenetic relationshipsuitropeuceandHeterodasyare
unresolvedThereforejt is notyet possible to providan accurate delineation for the
Lophothalieae and further morphological and molecular studies are need@dfydhe
systematics of this groupphe systematics afhaumatella (Veleroa) adunca
morphologically distinctive species with respect to other Lophothaledescussed

below.
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Thecircumscription of théAmansieaes identical in Falkenberg (1901) and
Hommersand1963), who botlassignediine generao this tribe Fournew genera have
subsequently been included in #twmansieagWilson and Kraft 2000Rhillips 2002b,
2006). The tribe includes about 60 species] is particularly diversen Australian and
SouthrAfrican shoredt is characterized byseudoparenchymatotrslli, mostly
complanate or ledfke, with strong dorsiventralitinvolving trichoblastsarising
adaxialy“attheapices and, in most speciése differentiation of pericentral cells into
lateral, dorsal and ventrpbsitions.The procarps and spermatangial branches are
formed on modifiedrichoblasts and the tetrasporandwo per segment, usuallgrm
in stichidia.Our genomescale and taxarich treeqFigs 1, 2 and S2), including
represeptatives of twand 13 genera, respectivelgsolved the Amansieae as
monophyeticwith strongsupport. Although relationships amaosygecies withirthe
tribe in thetaxentich treeare in general not well supportedir@ata suggest that a
revisionis needed at generic level, asiansia Vidalia andOsmundariaareapparently

not monophyletic.

The monospecific genuSladurus endemic tAAustralia, was included in the tribe
Chondrieae‘irearlierclassificationgFalkenberg 1901, Hommersand 1963). However,
GordonMills and Womersley 1987 and Womersley (2003) considertbat itdid not
belong.to'this tribe becauspermatangial branches andindrical insteadf platelike,

as is charactettis in the Chondriead-urthermore, thigenuss distinguished from

other Rhodomelaceae lig terete thallwith five pericentral cells
pseudoparenchymatous constructigth light cortication so that the segments are
conspicuous.n surface view in branches, cystocarps arising on shanyasthnches
andtetrasporangidornein stichidia This species waasnly included in the taxoneh

tree wheresitwaplaced as sister to the Alsidieae, but with low support. Considering
the peculiar morpblogical characters of thigenus and its ambigusuielationships wth

other members of the family, we propose @adureaertb. nov.

Thesmall generalsidium BryothamniorandDigenea(8, 3 and 2 species respectively
werepreviously included in the Polysiphonieae (Falkenberg 1901, Hommersand 1963).
Thegenomescale tredFig. 1)placedBryothamnionandDigeneain a single clade with
strong support, sister to the clade formed by the ChondriedeaaneincieaeThe

taxon+ich phylogeny (Fig. SpresolvedAlsidium BryothamniorandDigeneain a

moderatelysupported claderhese three genera have pseudopakgnatous thalli with
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5-12 pericentral celldprming axesof indeterminate growth usualtfothed with short
determinate branches. Furthermore, they differ from the Polysiphonieae by having
platelike spermatangial branchesthout sterile margingFalkenberg 1901Bgrgesen
1920, Norris 1994). Thespermatangial branches resenthletypical ones of the
Chondrieae;howevein the Chondrieae thdyave marginasterile cells and all species
have 5 pericentral cells. Therefore, based on the morphology and the phylageny w
propose theesurrection of the tribe Alsidieder these three genefdiscussed in the
formal taxonomic treatment belowAccording tothe taxonrich tree two main clades
are resolved.in the trikendAlsidiumis not monophyletic. Considering that
corallinum from the Mediterranean is the type of the gedusymatophilunirom
Hawaii mustbe transferred tBigenea Furthermore, the separation between

BryothamniorandAlsidiumrequiredurther investigation

Generic_composition of the Chondrieaas very similar in Falkenbeig(1901) and
Hommersan@s (1963)classificationsFalkenberg included six genera, one later
transferredstorthe Lophothalieae by Hommersand (1963), who also tadueewly
describedyenera. Subsequenth}aldoiaand the parasitic geneltdulania, Benzaitenia
andJantinellawere included in this tribe (Taylor 1962, Morrill 194t andSchlech
1998, Kurihara et al. 2010yhe genomescalephylogeny (Fig. 1) includes three
Chondriaspecieghatconsitutea monophyletic clade. Similarly, the taxaoh
phylogeny (Fig. SRincludes representatives framme of the 1lgenera currently
assigned to the tribehich, exceptor Cladurus(see aboveare resolved in a
monophyletic clade with moderate suppontir@ata also suggestat the tribeequires
a revision at the genus levstcausaeitherChondrig currently including 80 species,
nor Acanthoephorg7 speciek is monophyletic.

The tribe Laurencieae was likewigery similar ingenericcomposition in Falkenberg’s
(1901) and Hommersand’s (1963) classifications, encompabsit@rge genus
Laurencia(145 currently recognized specieRpdriguezellaand the parasitic
JanczewskiaSubsequently, siather genera weneinstated osegregated for groups of
speciegpreviously assigned toaurencia(Nam et al. 1994, Nam 200¥lartin-

Lescanne et al. 201Cassano et aP012,Metti et al. 2015Rousseau et al. 200 The
genomescaleand taxorrdch phylogeniegFigs 1 andS2), with representatives of seven
generaresolved almemberof the tribeas a single cladinat respectivelyeceived

high or moderate support.
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A close relationship between the Chondrieae and Laurenciegaevaésuslypredicted
in evolutionary reconstructions of the family based on morphological characters
(Falkenberg 1901, Hommersand 1963) m&tronglysupported in ouphylogenies
(Figs. 1 and 2). Botlribesaredistributedworldwide andcharacterized by
pseudoeparencimyatots thalli suchthatthe segmentandpericentral cells are not
distinguishable in surface view. Thdiffer in the number of pericentral cells ih the
Chondrieae"and2 orid the Laurencieaggndthe anatomy of the male structures
(platelike spermatangial branches with geemarginal cells in th€hondrieae and

modified trichoblasts diilamentsimmersed in apical depressions in the Laurengieae

Ophidocladussimpliciusculusvas included in Falkenberg’s (19@l3ssification in the
“Lophosiphoniagroup” (Lophosiphonieae nom. nud. in Hommersand 1963), a group of
generawith.dorsiventraprostrate and ereetorticate teretaxesand exclusive

production of .endogenous branches. Although this gresgmbls varioudribes in

someof itseharactersit could not be assigned to any of th@ralkenberg 1901)
Ophidocladussimpliciusculugs separated oum our genomescale and taxarich
phylogenies (Figsl and 2 and it has numerous characters that make it unique within
the family, such as a largaxial cell surrounded by up to ®&ricentral cells, alternately
arrangedrichoblasts angpermatangiadtructuresovering the twdasal dichotomies

of a tricheblas{Saenger 197 DiazTapia andBarbara 2013). On the basisitsf
morphology and our molecular evidence we propose Ophidocladeae trib. nov. for this

monospecific genus.

The genud/eleroais currentlyplacedin the tribe Lophothalieae (Dawson 1944,
Hommersand 1963)/. aduncas the only one of the sevespeciesn this genus
included in our analysi@sThaumatellaadunca see beloy It was placed astaxon
without close relativesister to the Rhodomeleagith high and moderatupport in
the genomescale and taxench treegFigs 1 and 2)respectivelyThe type species of
Veleroais V. subulatarom Californiaand the genus characterized by ecorticate axes
with four pericentral cells, pigmentachbranchedrichoblasts andne tetrasporangium
per segmenon branches bearing trichoblasts (Dawson 19¥dleroa aduncaby
contrast, has branched trichoblasts (Womeratey Parsons 2003). Furthermore, the
detailed description df. subulata(Abbott and Ballantine 2012) based on topotype
material revealadditionalimportant differences between thevfeleroaaduncahas

rhizoids cut off from a single pericentral catimulticellular, but uniseriatefilaments
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512  that terminate i multicellular discoid pa¢Fig. 2H);rhizoids inV. subulatahave

513  multiseriaterhizoidal filamentsformed fromtwo adjoining pericentral cellGAbbott and
514 Ballantine 2012; Fig. 2N). Also, the spermatangrgans differ irthese species they
515 are ovoid, with a single basal stercell inV. aduncawhile theyare cylindrical with

516 long basal-and apical sterfilamentsin V. subulata\When Womersley andasons

517  (2003) transferre®asya aduncdo Veleroatheyalso placed haumatella distichgthe

518 type of the"genus, in synonymy. They argtletthe characters used by Kylin (1956) to
519 separatd haumatelldrom Velerog i.e.,branching patterns, wemaisinterpreted

520 However, differences in the anatomy of rhizoids and spermatangial organs shggest
521 V. aduncaandV. subulatamost probably belong different generalherefore, we

522  proposestogesurrect the gerndsaumatellafor Veleroaadunca Furthermore,

523  considering theosition of this species in the phylogeny d@sdinique rhizoid anatomy
524  (differing from otheVeleroa—seealsoV. mangeangMillar 2000b, Schneideet al.

525 2010] — and members of the Lophothalieaben information is availablewe propose

526 the Thaumatelleae trib. nov.

527 TheRhodomeleaencludesRhodomelaandOdonthalig bothplacedin this tribeby

528 Falkenberg (1901and Hommersan@l963) as well ashe subsequentlgescribed

529 NeorhodemelgdMasuda 1982) anBeringiella(Wynne 1980)Their distribution is

530 restrictedto cold shores of the Norhn HemisphereThey are characterized by having
531 pseudoparenchymatotisalli, with 6-7 pericentral cellglividing transverselyandthe

532 apical cellretaining the pit connection with the axial c@lhetaxon¥ich tree(Fig. 2),
533 includingrepresentatives of three genera, resdlve tribein a highly supported clade.
534  Furthermore, three parasitédsafveyellg LeachiellaandChoreocolak whose

535 placementinithe Rhodomelaceae was clarified in Zuccarello et al. (234 )also

536 resolved insthis tribe in our phylogenihe tribe § represeted in thegenomescale tree
537 (Fig. I) byR. confervoideandC. polysiphoniaeandwasplaced as sister to

538 Thaumatellaand in turn to the Polysiphonieae.

539  The Pterosiphonieae was erected by Falkenberg (1804ix generdhatshare a
540 bilaterakbranching pattermwith the branches congenitally fusiedhe main axeto a
541  varying extentranging from filiform to foliose thalli They have procarps and

542  spermatangia on modified trichoblasts and tetrasporangia on lateral branches.
543 Hommersand (1963)ointed out thaTayloriella, RhodomelopsiandCarradoria (as

544  Carradoriella) of the Polysiphonieaall erected after 190ust be in this tribe
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although theyack congenital fusion of branches. Consequentlyrellefinedthe tribe
mainly by the alternate-distichous branching pattern and the absence of vegetative
trichoblastsand heransferredAphanocladiaandPollexfeniato the Polysiphonieae.
Only two generahave subsequentlyeen placed ithis tribg Xiphosiphoniarecently
segregated-frorRterosiphoniaandHeterostromgKraft andWynne 1992, Savoiand
Saunders 2016).

Thetaxonsich.tree(Fig. &), including 10representatives of the HY&neraassigned to
the tribeatonetime, resolved anodeately supportedladecomprisingPterosiphonia
andsevenother genera previously assigned to the Pterosiphorieaever,
PterochondriaandCarradoria (asP. virgatg were placed in thBolysiphonieae (here
clade Streblocladieaéespite havinghe characters of the tribe Pterosiphonieae
Furthermore, theladePterosiphonieae included five additional genkoghurella
EchinothamniorandPeriphykon currently included in the Polysiphonie&redgaria

of the HerposiphonieaendWomersleyellzurrently lackingribal assignmentAlso, an
unidentifiedsspecies d?terosiphoniea@as resolvedh this clade with high support,
andthreeotherPolysiphonialike species were placed as sister to this clade with low

support(theirtaxonomic identity atjenericand species level requirksther work).

Thistribe isrepresented ithe genomescale tre€Fig. 1)by memberof four genera
(SymphyecladizDictyomenia PeriphykonandGredgarig that form a strongly

supported clade, which in turn is sister with moderate support to the clade formed by
two “Polysiphenia” spp. Among the genera placed for the first time in the
Pterosiphoniead&;redgariais the onlyonethat meet Falkenberg’s or Hommersand’s
criteria for'delineating the tribe, despiieing included by Womersley (2008)the
Herposiphonieae. By contrast, thiher genera or species have trichoblasts, and/or
branches spirally arranged and not congenitally fused with the main axes (Hglenber
1967, Womersley 200®. DiazTapia,pers. obg. Therefore, the morphological criteria
used for distinguishing the Pterosiphoniae from the Polysiphonieae are not supported.
While all genera witlanalternate branching pattern and congenitally fused branches are
in the Pterosiphonieae (excdtierochondia), the tribe also includes several members
with spirally arranged branches not congenitally fused with the main axes. Also the
presence/absence of trichoblasts varies among members of theltnmzer, a

character that we found uniformly ifi ¢he speies placedn this tribein our phylogeny

is thatrhizoidsarecut off from thedistal(andproximalin Gredgariaand
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578  Pterosiphonieae gpends of theericentral cellsand thehizoidal filament terminates
579 in several cells forming a multicellular discoid p@&dg. 2, E-G) This character is

580 distinctivewith respect tahe PolysiphonieaandStreblocladieagin which the rhizoids
581 are unicellulamand are formed from the mid-proximal eredghe pericentral cells

582  Lampisiphonias theonly known exceptio@mong the species placed in the

583  Streblocladieaé our phylogenyas it hasnulticellular rhizoids(some rhizoids of the
584 thallus have multicellar filament, and discoid padse multicellulawhen maturk
585  However, they are formed from the proxirealds of the pericentral cellBig. 2B;

586 Barbara et al. 201®. DiazTapia, pers. obs.).

587  The Herposiphonieae is found worldwide andharacterized by dorsiventral and

588 filiform habit, thalli consistingof ecorticateaxes with 416 pericentral celland the

589  exclusive production of endogenous branches with defined sequences of determinate
590 and indeterminate branches. Procarps and spermatangia are formed on modified
591 trichoblastsrandetrasporangia on determinate branchiée tribewas erected by

592  Falkenberg«(1901) for seven gendsatHommersand (1963) mergédvith the

593  Polysiphonieae, distinguishing the genera of this tribe as “dorsiventral Polysipioniea
594  Streblocladiaand the parasitilicrocolaxweremovedto a separatéGruppe” by Kylin

595  (1956),which wasrecognized as thieibe Streblocladieae nom. nud. Bpmmersand

596  (1963).as'discussed belown the other hand, four genetascribed since 1963

597 (HerposiphoniellaDitria, GredgariaandTiparria) have been attributed to the

598 HerposiphonieaeHollenberg 1967, Womersley 2008). summary ninegeneraare

599  currently.assigned to the tribe Herposiphonieae, of wHedposiphoniacontains 56

600 speciesPipterosiphoniaseven and the other genera only one to thpeeiesThey are

601 distinguished bylistinctbranching patterns.hifeeof them were included in our

602  analysis, buGredgariawas transferred to the Pterosiphoniésee above)The other

603  two, HerposiphoniaandDipterosiphoniawereplaced togethein a poorly supported

604 clade sister to,the Pterosiphonieaethe genomescale tredFig. 1). The taxomich tree
605  placedthem,with WilsonosiphoniaandPleurostichidiumin a poorly supported clade

606  (Fig. 2).

607  Pleurostichidiums a morphologically very distinctive monospecific genus placed in its
608 own tribe, the Pleurostichidiea®r which Phillips (2000) providead detded
609  characterizationConsideringhat the Dipterosiphonieae and Herposiphonieae clades

610 are strongly suppaet,theearly divergence of tlse two lineages as well #we
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611  Pleurostichidieaeandthe extent to whiclleurostichidiundiffers morphologically

612  from the Herposiphonieae, we propose the segregation of the tribe Dipterosiphonieae
613  from the Herposiphonieae. The tribal assignmeWid$onosiphoniaequires a better

614 understanding of its phylogenetic relationships and further studies using more gene data
615 are needed«=The Dipterosiphonieae and Herposiphonieae differ from the Polysighoniea
616 andshare with the Ptesiphonieae rhizoidsut off from thedistalend ofpericentral

617 cells AlFhave'multicellular discoid pads, which have the same structure in the

618  Dipterosiphonieae and Pterosiphonieae. By contratite Herposiphonieaéiscoid

619 pads consistfa digitate structure formed by an extensibthe rhizoidal filamenthat

620 divides to formsmall apical cellg§Fig. 2D). Furthermorehe Herposiphonieae is

621 characterized\by its distinctivegular pattern of the formatiai determinateand

622 indeterminatérandes often in a 3:lequenceThe tribe Dipterosiphonieae, by

623  contrastjs distinguished by producing alternate pairs of deitesite branches.

624  However, as onlgevenspecies are currently known, it remains to be determined

625 whethertlis branching pattern apps more generally.

626  The Polysiphonieais the largestribe of the Rhodomelaceamdhas aworldwide

627  distribution Falkenberg (1901) includdd. genera characterized fifform thalli,

628 heavily'eorticatedn a fewspecieswith branches radially organized and trichoblasts
629 decidueus and unpigmented. Subsequeatiyther 11newly describear resurrected
630 generathree of them parasitigyereincluded in this tribeWhile somegererain this

631  tribe (EchinothamnionLophurellg Digenea Alsidium Bryothamniof are here

632 transferreddt@ther tribegseediscussion oIsidieaeandPtaosiphonieag)the vast
633 majority.are placed in a monophyletiade that was resolved wittigh and moderate
634  supportdinthegenomescale andaxonrich phylogenies, respective(figs 1, 2 and S2;
635  Streblocladiea@and Polysiphonieae clage3wo majorlineages were resolved within
636 this cladeand we propos® segregate the triligtreblocladieaérom the

637 PolysiphonieaeThey aredistinguished by the synapomorphic trait of having rhizoids
638  cut off from the midproximalend of the pericentral cel{Streblocladieagrig. 2A) vs
639 rhizoids in open connection with the pericentral cells (Polysiphonieae; Fi¢i@Gand
640 Lee 1999, Choi et al. 200DjazTapia et al. 2017b

641  The Polysiphonieae clade contains the type of the dgeolysiphonia(P. strictg) and it
642  was termedPolysiphoniasensu stricto in previous phylogenetic studies of the tribe
643 (Choi et al. 2001, Barbara et al. 2013, Diapia et al20170. These studies
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644 emphasizedhe existence of two major clades witlitolysiphonia sensu stricibere

645 namedPolysiphoniaandBryocladiaFalkenbergiellain Fig. S2), and thewere

646 resolved as monophyletic or paraphyletic in previous works depending on the taxon
647  selection and the molecular marfgiconsideredPolysiphoniaand

648 BryocladidFalkenbergiellaarerepresented in olgenomescale tredy P. strictaand

649  P. scopulorunand are definitively resolved asnonophyleticclade sister to

650 Streblocladiea€Fig. 1). In the taxomich tree (Fig. ) Polysiphoniaand

651  BryocladidFalkenbergiellacontain eight and0 species and are resohastwo highly

652  suppored.cladesThe clade containing. strictacorresponds to the genBslysiphonia
653 and all the specidsave four pericentral cellaye decumbent or erect and have

654  predominantly exogenous branches. The other clade is morphologically more variable
655 and includes’species with a dorsiventral or radial structure, with predominantly

656  exogenous orendogenous branches, and with four or Borec{adig pericentral

657  cells. The generic assignment of this secdaderequiresfurther studiesncluding

658 analysis.oimaterial ofFalkenbergiella capensisom South Africa(currently included
659 in Lophasiphani® with morphologcal traits(four pericentral cellsgjorsiventral, with

660 endogenous brancheblpatindicateit may be included in this clade, and dwarcely

661  knownBryocladia cervicornigrom JavaThese two species are the types of their

662  corresponding generBryocladiapre-datingFalkenbergiella

663 In addition to these two previously recognized grougalysiphoniasensu strictop.
664 tegeswas also resolved in this clagdEig. 1).In thetaxon+ich phylogeny (Fig. S2)p.
665 tegess clasely related tbophosiphoniasimplicissimaandL. obscurasensu (1956,
666  with six'pericentral cellssee Rueneskd71,Silva 1996, DiaZT apiaand Béarbara 2013,
667  for a furtherdiscussion on the taxonomic identity of this spedies)ype species of
668 LophesiphoniaWe propose to maintain the geneatitributionof this clade to

669 Lophosiphoniaand transfeP. tegedo this genus.ophosiphoniavas erectethy

670 Falkenberg (in Schmitand Falkenberg 1897) to group species wailecondary

671  dorsiventral structure and predominantly endogenous branches. However, the validity of
672  this circumscriptiorhas been discussed (DiapiaandBéarbara 2013 and references
673 therein) and finallyejectedon the basisf molecularand morphological evidence, as
674  species meeting these criteria have very different affinitidtsother members of the
675 Polysiphonieae (e.gL. reptabundas in VertebrataandL. scopulorumn

676  Bryocladia/Falkenbergiella The main character distinguishihgphosiphonissensu
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strictofrom the Streblocladieaés thatrhizoidsarein open connection with the
pericentral cellg§P. DiazTapia & C.A. Maggs, pers. obsl)differs from other
Polysiphonieae by having more than four pericentral d8hgocladiais an exception
Furthermore, the characters proposed by Falkenberditeate this genus are shared
by all members of the cladandare also present in other gendraphosiphonia
prostratais alsoresolved as sister to this clade but with moderate suppoit difiegrs
from otherLophosiphonispecies becauseis alwaysepiphytic on brown algae in the
Zonarieaewith the apices curled over the hagtowing synchronouslyvith it, andis
completely prostrate except for the branches bearing reproductive structures
(Womersley 2003p. DiazTapia, pers. obs.). We propdspizonariagen. novfor this
species@urphylogenies reveal that Falkenberd sghosiphoniagroup” (equivalent

to Hommersand’s tribe Lophosiphonieae nom. nischdt phylogenetically supported,
as the type species of the gehophosiphonids placed with high support in the
Polysiphonieae. Among the genera includethelophosiphoniagroup by Falkenberg,
Ctenosiphonidas beemerged withvVertebrata(DiazTapia et al. 201b) and
PleurostichidiumandOphidocladusepresenseparatéribes (Hommersand 1963his
study). Finally, in addition to the three claddscussed above, three smalidentified
Polysiphonialike species collectedn Australian coral reefandat Rottnest Island
(Western Australiajvere resolved as sisters to BgocladidFalkenbergiellaclade
with low support. They are very similar in morphology to other small Polysiphonieae,
as they have four pericentral cells and unicellular rhizoids in open connection to

pericentral cellsThey may constitute new genera, wrther studies are required

The Streblocladieaeladeincludeseightgenera, as well asnumber of clades and taxa
for whichrgeneric asginment needs further investigatiornelparasé Aiolocolax
pulchelluswas: placed in this cladmitwith low supportPreviously thispeciesvas
consideredncertae sedjven at family level (Pocock 195@)ere, wepropose the
tribe Streblocladieae for this cladehis name was used before by Kylin (1956, as
Streblocladia’Gruppe”) and by Hommersand (1963, Streblocladieae nom. nudadut
discussed aboveye propose a differewircumscription defined by unicellular rhizoids
cut off from the midproximal ends of pericentral cellkylin’s andHommersand’s
concept was of a tribe containisgeciesimilar to Polysiphonigbut with primary

dorsiventrality which is not supported in our phylogefjhe genustreblocladia
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including the type speci&€s glomerulatais placedamong radially branchespeciesn

phylogenetic analyses (&% Tapia et al. 2017b; Fig. S2).

CONCLUSIONS

The phylogenies presented harebased on the most comprehensive molecular dataset
analyzedo date forthe family Rhodomelaceae, both in terms of number of genes (198
for the genomescalephylogeny) and number of taxa (4fof thetaxonsich
phylogeny).ihe relationships among the major clades of the famc#yved very

strong suppeiin thegenomescalephylogeny including 44 speci@®m 16 tribes(11
previously established and five proposed here), demonstratist ¢mngthof
chloroplastgenome data to resoleballenging phylogenies in the red algae.
Conversely, théaxon+ich phylogeny resolved the majority bfanchesvith moderate

to low support, suggesting that the chloroplast genomes of marg/species are
required:to fully understand the phylogeny of the family.idtegrative analysisf the

two phylegeniesand the morphological charactefstheidentifiedlineageshave led us

to thoroughlyevaluatepreviousclassificationschemes&nd propose the first subdivision

of the family Rhodomelaceae into tribes supported by molecular data.

The genomescale and taxernich molecular phylogenies of the family Rhodomelaceae
supported recognition of the 12bes previously proposed in Falkenber(901) and
Hommersand (1963) classifications, as well as the tribe Sonderelleae (Phillips 2001).
By contrast;the Lophosiphonieardthe divisionof the familyinto subfamilies
proposety.Hommersand (1963nd MaggandHommersand (1993yerenot
supported. Our anadis,representin@9 generaf the Rhodomelaceaeorroborates the
previously established circiugriptiors of thetribes Sonderelleae, Polyzonieae,
Heterocladieae, Bostrychieae, Amansieae, Rhodomeleae, Chor{dreaptCladurus

as predicted by Womersley 200Baurenciea@nd Pleurostichidieae. A very different
scenario emerged for the triblegphothalieae, Pterosiphonieae, Herposiphonieae and
PolysiphonieaeNot surprisingly these four tribes includaost ofthe members of the
family with tereteecorticate or slightly corticat®#liform thalli (apart from the
Bostrychi@eand some Polyzonieae), thienplest morphological architecture itne

Rhodomelaceae.
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A tribe is resurrected (Alsidieae) and thresv tribes aréere proposed
(Dipterosiphonieae, Thaumatelleae and Strebloclajiteaeccommodatgenera
previously placed in the Lophothalieae, Herposiphonieae, Polysiphonieae and
Pterosiphoniead-urthermoreseveral genera atensferred from the Polysiphonieae
(andStrebloecladiedeto the Pterosiphoniead vice versarlhereforethe

morphological delineation dhese tribesequiresreassesnentand we propose rhizoid
anatomy as'a kegiagnosticcharacter. Free rhizoids are the attachment structures of
most Rhodomelaceae, whitb@sal discs have evolvedtimelargest speciealthough
rhizoidsare small structuretheyaremorphologicdly very variable aspreviously
described (e.gHollenberg 1967, Womersley 20@3jccarello andVest 2006,
Bustamante et al. 201Fig. 2. However theirrelevance in delineating tribes was not
previously highlighted (see Mclvor 2000). Rhizoid anatomy is particularly useful in
delineatingthe tribesStreblocladieae, Polysiphonieae, Herposiphonieae and
Pterosiphonieae/Dipterosiphoniedalle ; Fig. 2), as some of their species ary
similar in other morphological characteFRurthermore, the Thaumatelleae, Polyzonieae
and Bostrychieae also havistihctive rhizoidgFig. 2), althoughthere arenany other

key character®or delineating thenat the tribal level.

Theresurrectedribe Alsidieads recognized as independdram the Polysiphonie
and is.eharacterized by having corticate and radially branodeterminateaxesand
platelike spermatangial branchéehedelineation of the tribe Lophothalieae is more
problematic, a# is not monophyletic as originally conceivdgr¢ngniartellawas
merged withVertebrataandThaumatellavas segregated asseparate trie
Furthermore,the relationships MicropeuceandHaplodasyawithin the family are still
unclear @nddrther investigations, including more extensive taxon and gene sampling,
are needed-to clarify tivdribal placement andeterminethe actuatircumscriptionof
the tribeLophothalieaeFinally, the genu®phidocladuspreviously included in the
Lophosiphonieae nom. nuavas also allocatet its own tribe.In addition to theribal
level resuls emergingrom this work our phylogenies showehat an integrative
review at the genus leves especiallyneeded in the tribes Chondrie@enansieae and

Streblocladieae

The family Rhodomelaceae includessffecies of parasites #6 genera separated from
non-parasitic speciesiowever,the fewprevious investigations on parasites involving

molecular datand our phylogenies (including ten species and 9 gehava all
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demonstrated that theyeoftenclosely relatedo non{parasitic species and their
separation as independent genera is not always supported (Zuceibatl 2004,
Kurihara et al. 201,0Preuss et al. 20L7The available molecular data suggsit
species oflanczewskiaBenzaiteniaUlulania, DawsoniocolaxandBostrychiocolax
belong-torgenera withon-parasitic type speciesVe do not make nomenclatural
proposals here, pending revisiamfdhese generaBy contrastour datasupport the
recognitionof Leachiellag Harveyella,ChoreocolaxandAiolocolaxas separate genera,
but their, phylogenetic relationships within the tribes arerstillwell resolvedThese
four genergpreviously lackedribal attributions and our phylogenies revediledtthe
first threeare. in the Rhodomeae, whileAiolocolaxis in theStreblocladieadn
additionstotheabovementioned taxafive parasitic generareunclassified at a tribal
level, one"was placed in an independent tribe and 11 were inclutieel ather tribes.
Assgningparasitic generto tribesbased on morphological charactersot supported.
For example, ime parasitic genera were included in the Lophothalieae mainly because
they have tetrasporangia in whorls (Hommersand 1963sdweatral parasites with
sporangia.in.whorlgo not belongn the Lophohbalieae (e.g.Aiolocolax Ululania). The
morpholegical characters parasites, with very reduced vegetative structanes,
markedlydifferent from the norparasitic members of their corresponding triaed are

always exception® the mornological delineationsstablished for the tribes

Besideghe tribal classification of thehodomelacead-alkenberg (19Q1p. 700 and
Hommersand (1963, p. 3j@econstructedhe phylogenetic relationships among tribes
based on.merphologyVhile use of the wide variety ehorphological characters

reliable for delineating tribeseconstructing theiphylogenetic relationships dhis

basisit is'mueh more difficultinterpretationgrovided by Falkenberg (1901) and
Hommersand(1963) agreed in recognizirige Bostrychieaen the basis of the

phylogeny and considerirthe Laurencieae and the Chondrieae as closely related tribes,
whichwere allsupported in our molecular phylogeny (Fig. 1). Othervitseiy
interpretationglifferedgreatly andalsoare very different from ouesults(Fig. 1).For
example, the Polyzonieae was considered related to the Rhodomeleae by Hommersand
(1963), Falkenberg (1904)lied this tribe to the Herposiphonieaed our phylogeny
resolved it as sister to ti@onderelleae and tiostrychieae (Fig. 1Differences

between morpHogical and molecular phylogeniesayresult fromthe fact that

characters classicallysedfor establishing tribalelationships€.g.,dorsiventrality,
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806  pigmented trichoblasts, reproductive structures on specialized brasebbed

807 independently several times in the history of the family.

808 In addition to the 408pecies an89 genera represented in our phylogethgre are

809 currently647species an@0 genera in the family Rhodomelaceae for which molecular
810 data are not available at presdntrther investigations are needed to unravel their

811  phylogenetic relationships amdassess thealassification. Among them, some taxa,
812  such afachychaetaRhodolachngStichothamnionOligocladus and

813  “Lophosiphonia” mexicanahave very unusuahorphological characteristiceMeber

814 van Bosse 1911, Dawson 1944, Hommersand 1963, Vroman 1967, Womersley and
815 Bailey 19707 Wynne 1970). Thpaperprovidesthe firstglobalphylogenetic study of

816  the family Rhadomelaceabut much workemains, especially &wertaxonomic

817 levels to.fully.understand the systematicgtod most diverse familgf the red algae.
818

819 FORMAL TAXONOMY

820 Taxonomic proposals at tridevel

821 CladureaeDiad apia & Maggs trib. nov.

822  DiagnosisiThalli erect,attached by a holdfast, radially brancheih a protuding

823  apical cell surrounded by decidudushoblasts. Axeserete with 5 (-6) pericentral

824  cells 1-3 layers of cortical celldeveloping close to the apices, but the segments

825 remaining,ebvious throughout branches in surface view. Rhizoidsff from

826  pericentral cells, surrounding the axial and pericentral cells in older parts of the thallus.
827  Spermatangial branches cylindrical, arisingooanches of trichoblastsystocarps

828 formed-onmsaxillary branchlets; one tetrasporangium per segment, cut off from the

829  pericentralcells, formeuh stichidiaarising in axils of lateral branches.

830 Type and only genu€ladurusFalkenberg in &hmitz andFalkenberdl897: 435.
831

832

833  Dipterosiphonieae DiaZapia& Maggs, trib. nov.
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Diagnosis: Thallentirely or largely prostratéormed by axes of indeterminate growth
beaing branche®f determinate growth alternate pairsRhizoids cut off from the
distalendsof pericentral cells of prostrate axes, termimgin multicellular haptera.

Axes with 410 pericentral cells, ecorticate. All branches exogenous. Trichoplasen
presentpnly-on determinate branches, deciduous. Spermatangial branches cylindrical,
formed on madified trichoblasts; one tetrasporangium per segmeetarminate

branchesCystocarps ovoid.

Type and.only genuBipterosiphoniaF.Schmitz& Falkenberg 1897: 463.

Ophidocladeae Diazapia& Maggs, trib. nov.

Diagnosis:=Thalli dorsiventratonsistingof an extensive prostrate system bearing
rhizoidssventrallyand erect axedorsally. Rhizoids cut off from theiddle or proximal
endsof pericentral cellsterminatingin multicellular discoid pad#xes ecorticateerect
axescomposewf a large axial cell and 188 pericentralsAll branches endogenous.
Trichoblasts deciduous, alternately arranged. Spermatatigiaturedormed on
branched trichoblasteachcovering the two basal dichotomies, with a quadrifurcate
appearance; procarfmedon trichoblasts, with two sterile groups, cystocarps ovoid;

two tdrasporangia per segmentlateral branchesith two cover cells

Type and only genu®phidocladud-alkenbergn Schmitz andFalkenberg 1897: 461.

Streblocladiea®iazTapia& Maggs, trib. nov.

Hommersand’s (1963) proposal of the Streblocladieae was invalid because it lacked a
formal description. Considering that we are proposing a very different concept for the
tribe than tlatestablished by Hommersand (1963) and formerly by Kylin (1856

Streblocladia'Gruppe”), here wepropose a new tribe.

Diagnosis: Thallpredominantly erect, decumbent or dorsiver(eatct and prostrate
axes) Axes with 4-24pericentral cells, ecorticate or corticate. Rhizoids cut off from
mid-proximal endf pericentral cellspormallyunicellular (multicellular in

Lampisiphonid, occasionally absent in largest species and in the obligate epiphyte
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Vertebratalanosa Trichoblasts deciduous and unpigmented when méueptV.
byssoidesndV. australiy. Spermatangial branches cylindridabrneon modified
trichoblastsor on one or two branches of trichoblagt®carps formed on modified
trichoblasts, with 2 sterile groups; one tetrasporangium per segwerin

LeptosiphoenieandCtenosiphoniaon main axes or lateral branches.
Type genusStreblocladiaF.Schmitzin Schmitz and=alkenberg 1897: 457-458.

Othergeneraof this tribe included in our molecular analy#s$olocolaxM.A.Pocock,
1956: 22 LampisiphoniaH.G.Choi, DiazTapia & Barbaran Barbara et aR013:138
LeptosiphoniKylin 1956: 509 Melanothamnu8ornet & Falkenbergn Falkenberg
1901: 684 PterochondriaHollenberg 1942: 532-53®,0lyosteaRuprecht 1850231,
TolypiocladiaF.Schmitzin Schmitzand Falkenberg 1897: 441-4AZrtebrata
S.F.Gray 1821: 338.

Thaumatelleae DiaZzapia & Maggs, trib. nov.

Diagnosis: Thalli predominantly prostrate, radially branched, with 4 ecorticate
pericentralrcells. Rhizoids cut off from pericentral cells, with a uniseriate multicellular
filament terminating in multicellular haptera. Trichoblasts pigmented and petsisten
branched1-3times. Spermatangial branches formed on trichoblasts, often several per
trichoblast, ovoid, lacking basal and sterile apical cells; cystocarps stongly urceolate;

one tetrasporangium per segment on lateral branches bearing trichoblasts.

Typeand only genus: ThaumatelgalkenbergKylin 1956: 511

Amended.descriptions tfibes
Alsidieae Ardissone 1883: 352.

DiagnosisiThalli erect, attached by a holdfast or a basal crust, coneistixgs of
indeterminate growth, radially branched, atathed in some species with branches of
determinate growth. Trichoblasts, if present, deciduous. Axes terete or nataephaith
5-12 pericentral cells, corticated from close to the apices wiltayers of cortical

cells. Spermatangial branches plate, lacking sterile marginal cells; one

tetrasporangium per segme@istocarps globose.
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Type AlsidiumC.Agardh 1827: 639.

Other genera of this tribe included in our molecular analyBigeneaC.Agardh 1822:
388-389,BryothamniorKutzing 1843: 433.

Nomerclaturalnote: although J.Agardh (1863) provided a diagnosis for the tribe
Alsideaeyhenincluded this “tribus” and other tribes as sections of the Ordo Rhodomeleae
so it is not.valid.under ICBN Art. 37.8-which states that names of taxa with misplaced
rark are invalid. Therefore the first valid publication of the tribe Alsideaebyas

Ardissone (1883).

Herposiphonieae F.Schmitz & Falkenberg 1897: 457.

Description: Thalli formed by axes of indeterminate growth, prostrate or partially erect,
which bear axeef determinate growth that are simple and erect. Rhizoids cut off from
the distal ends of pericentral cells of prostrate axes, terminating in multicellular haptera
that consist ofithe extension of the rhizoidal filament into a digitate structure that
divides to form smallerminalcells. Axes with 616 pericentral cells, ecorticate. All
branches*exogenous, formed on consecutive segments in a pattern that consists of one
branch of indeterminate growth followed by three determinate branches. Somes spec
hawe naked'segments and more determinate branches separate indeterminate axes.
Trichoblasts only on determinate branches, deciduous and unpigmented when mature.
Spermatangial branches cylindrical, formed on modified trichoblasts; aypsoc

terminal or subteninal on determinate branches; one tetrasporangium per segment on

determinate branches.

Genussofithis:tribe included in our molecular analyderposiphoniaNageli 1846: 238.

Polysiphonieae F.Schmitz 1889: 447.

Description Thalli predominantly erectlecumbent or dorsiventrédrect and prostrate
axes) Axes with 4 (-711) pericentral cells, ecorticate. Rhizoidsopen connection
with pericentral cellsunicellular.Trichoblasts, when presemteciduous and
unpigmented at maturity. Spermatangial branches cylindrical, formed on modified
trichoblastsor on one or two branches of trichoblasts; procarps formed on modified
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trichoblasts, withiwo sterile groups; one tetrasporangium per segment on main axes or

lateral branchewith two or three cover cell€ystocarps globose or ovoid.

Genereof this tribe included in our molecular analydsyocladiaF.Schmitz in
SchmitzandFalkenberg 1897: 44EpizonariaDiazTapia & Maggsgen. nov.,
Lophosiphonigalkenberg in Schmitz ariehlkenberg 1897: 45960, Polysiphonia
Greville 1823: 210.

Pterosiphonieae Falkenberg 1901: 261.

Description Thalli ranging fromlargely prostrate terect,bilaterally or radially
branched, usually with erect axes of determinate growth bearing determinate laterals
that remain completely free, or are congenitally fused with the main@agdterent
degrees, forming foliose thalli in genera with branches fused along the whole length
with the mainaxesittachment by holdfasigs the largest species or byizoids cut off
from thedistalendsof pericentral cells of prostrate ax@s some genera also from
proximalends in adjoining pericentral cells), terminatingninticellular haptera

formed by celldivisions at the enaf the rhizoidal filamentAxes with 414 pericentral
cells,"ecorticatéo heavilycorticate Trichoblasts varying from rare and formed only on
reproductive branches, to commordeterminatdédranches, deciduous. Spermatangial
branches eylindrical, formed on modified trichoblasts; one tetrasporangiusegraent

on determinate branches, with two pre-sporangial and one parstagjial cover cells

Generaofithisstribe included in oumolecular analysisAmplisiphoniaHollenberg 1939:
380, AphanecladiaFalkenberg in Schmitz and Falkenberg 1897: ddtyomenia
Greville 1830: | EchinothamniorKylin 1956:506, GredgariaWomersley 2003: 314-
315,LophureliaSchmitz in Schmitand Falkenberg 1897: 440-44riphykon
Webervan Bosse 192255, PollexfeniaHarvey 1844: 431PterosiphoniaFalkenberg
in Schmitz and Falkenberg 1897: 4&3odomelopsisl.A.Pocock 1953: 34,
Symphyocladi&alkenberg in Schmitz artehlkenberg 1897: 44844, Womersleyella
Hollenberg 1967: 213XiphosiphoniaSavoie & Saunders 2016: 933

Taxonomic proposals at genus level
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EpizonariaDiazTapia& Maggs, gen. nov.

DiagnosisVegetative thallientirely prostrate, attached by unicellular rhizoids in open
connection with the pericentral cells. Axes with fpericentral cells, ecorticate.
Reproductive structures on short erect aXeshoblastsif present, on erect branches,
deciduous. Spermatangial branches on modified trichoblasts; cystocarpstenmi

erect branches, ovoid to slightly urceolate; @teasprangium per segment.
Type'speciesEpizonaria prostratgHarvey)DiazTapia& Maggs,comb. nov.

Basionym Pelysiphonia prostratédarvey, 1855. Some account of the marine botany of

the colony.ofiwestern Australidrans. R. I. Acad22:525—66.

Synonymsi.ophosiphonia prostratéHarvey) Falkenberdralkenbergiella prostrata
(Harvey)Kylin.

Etymology: From the Greek prefix epi (on) and the genus rizonaria, as the type
species of the genus is epiphytic on members of the Zonarieae.

Amended descriptions of genera
LophosiphenigFalkenberg in Schmitz arkéhlkenberg 1897: 45960.

Description: Thalli consistingf prostrate and ereeixes endogenously branched. Axes
ecorticate, witl6-7 pericentral cells. Rhizoids in open connection with pericentral cells,
unicellular=Trichoblasts deciduous when present. Spermatangial branches cylindrical,

formed on modified trichoblasts; cystocarps ovoid; one tetrasporangium per segment

Type species.ophosiphonia obscurgC.Agardh) Falkenberg in Schmitz and
Falkenberg 1897: 460.

Species of this genus included in our molecular analyssmplicissimeDiazTapia in
DiazTapia anBarbara 2013: 35& ophosiphonigdegegWomersley) DiaZlapia &
Maggs;'comb. nov.

Taxonomic proposals at species level

Digenea cymatophiléR.E.Norris)DiazTapia& Maggs, comb. nov.
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Bagonym: Alsidium cymatophilunR.E.Norris 1994, p. 434: Some cumophytic
Rhodomelaceae (Rhodophyta) occurring in Hawaiian Bimfcologia33:434—43.

Lophosiphonia tege@Vomersley)DiazTapia& Maggs,comb. nov.

Badonym:Paolysiphonia tege¥omersley 1979: 494, Southern Australian species of
PolysiphoniaGreville (Rhodophyta)Aust. J. Bot27:459-528.

Thaumatella adunc@.Agardh)DiazTapia& Maggs,comb. nov.

Basionym Dasya aduncad.Agardh 1890: 132213 Till algernes systematik. Nya
bidrag. (Sjetté afdelningenl)unds Universitets AeSkrift, Andra Afdelningen, Kongl.
FysiografiskaiSallskapets i Lund Handling26:1-125.

SynonymsBrengniartella distichaFalkenbergThaumatella distich@Falkenberg)
Kylin; Velereoa adunc#J.Agardh) Womersley & M.J.Parsons.
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1335  species of generélote: Dasyclonium incisunti,eveillea jungermannioides,

1336  Dipterosiphonia dendriticandHerposiphonia tenellare the type species of their

1337  corresponding genera, but considering the cryptic diversity found in these species, we
1338  are unable to determine at present which of them, if any, should be consistired

1339  type.
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1340
1341
1342
1343

1344
1345
1346
1347

1348
1349

1350
1351

1352

Table S1. Alphabetical list of genera curremtdgognized in the Rhodomelaceae
indicating their tribal placement in Falkenberg’s (1901) and Hommersd@é3)
classifications and the tribal assignment of genera described after 1963, as well as the

positions resulting from this work.

Table S2(Genericcomposition of the rhodomelacean tribes in Falkenberg’s (1901) and
Hommersand’s (1963) classifications. The tribal placement of genera described after
1963.is also.indicated, as well as the generic composition of tribes resultmghfso

work. N.d. = no data; d.p. = different position.

Table S3. GenBank accession numbers of the chloroplast genomes included in the

phylogenetie,analysis.

Table S4. GenBank accession numbers of the sequences included in the phylogenetic

analysis. Numbers printed in bold correspond to newly determined sequences.

Table S5. Key morphological characters delineating the tribes of the Rhodomelaceae
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