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ABSTRACT

Gracilariaceadas a worldwide distributiomcluding numerous economically
importantspeciedVe applied highthroughput sequencing tibtainorganellar
genomes (mitochondria and chloroplast) fromgpecies of Gracilariaceae and
combined with published genomes, to infer phylogenies and compare genome
architectureamongspeciesepresenting main lineagad/e obtainedisilar topologies
between chloroplast and mitochondrial genomes phylogenies. Howeveh)dhaplast
phylogeny was better resolved with full support. In this phylogktgfanthalia
intermediais sister to a monophyletic clade includi@gacilaria andGracilariopsis,
which wereboth resolved as monophyletic genera. Mitochondrial and chloroplast
genomesverehighly conserved in gene synteny, aragiation mainly occurred in
regions. where insertions of plasmid-derived sequefirieS) were found. In
mitochendrial genomes, PDS insertions were observed in two regions where the
transcription‘direction changdsetweerthe genesobandtrnL, andtrnA andtrnN. In
chloroplast'genongPDS insertionsverein differentpositions, but generally found
betweermpsD andrrs genesGracilariaceaés a good model system to study the impact
of PDS in'genome evolutiadue to the frequent presencelodseinsertiors in
organellar genomes. Furthermottee bacterialeuC/leuD operon was found in
chloroplast genomes @racilaria tenuistipitata G. chilensisandM. intermediaand
in extrachromosomallasmidof G. vermiculophylla Phylogenetic trees show two

different origins ofeuC/leuD: genes found in chloroplast and plasmid were placed with
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proteobacteria, and genes encoded in the nualeteclose to Viridiplantae and

cyanobacteria
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ABBREVIATIONS:

aa, amino acidCDS, coding sequence; FSO, homologous freestanding ORF; HTS,
high-throughput sequencing; LCB, locally collinear blocks; ML, maximum hield;
ORF, open-readinffame; PDS, plasmiderived sequen¢é&., Gracilaria, Gp.,
Gracilariopsis

INTRODUCTION

The use of high throughput sequencing (HTS) techniques has led to an increase
in studies.using complete organellar genomes to infer phylogenetic relationships in
Rhodophyta, first for the study of higher taxonomic levels (Janouskovec et al. 2013,
Yang etal. 2015, Lee et al. 2016a) and more recently for order and families (Gista et
2016, Diaz-Tapia et al. 2017). Those data also facilitated the investigation of other
aspects of red algal genomes, including gene synteny and horizorddtayesfers
(Yang et al. 2015, Lee et al. 20164, Lee et al. 2016b), and, also to find pldseeid (
al. 2016b). Plasmids are extrachromosomal DNA molecules, autonomously replicating
generally.cireular, ATrich, doublestranded and may have active open read frames
(Goff and"Celeman 1990, Moon and Goff 1997, Lee et al. 2016b). They are recognized
as mobilerelements and can behave as transposable elemenisoHard Brockhurst
2012, Lee et al. 2016b). For example, sequences derived from Rhodophyta plasmids
(e.g., Goffland Coleman 1990, Villemur 1990a, 1990b, Moon and Goff 1997) were
observed in the chloroplast genomes in Rhodophyta (Lee et al. 2016b).

The familyof red algaésracilariaceae includes 230 species in six genera (Lyra
et al. 2015, Guiry and Guiry 2017) of whi€longracilariaandGracilariophila, are
parasitic;Gracilaria, Gracilariopsis MelanthaliaandCurdieaare benthic and free
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94  living. The family is largely patropical but also occurs in temperate and boreal regions.
95  Species of the family are commercially important not only for the production of agar
96 (ZemkeWhite andOhno 1999) but for numerous pharmacological applications, which
97  possess antiviral, antflammatory and antihypertensive properties (Smit 2004).
98 Atthestime of the writing of this paper, six chloroplasts and nine mitochondrial
99 genomes of Gracilariaceae species are available in GenBank. Most of these are from

100 economically important crop species, e@racilariopsis chordgYang et al. 2014),

101  GracilariopsislemaneiformigZhang et al. 2012, Zhang et al. 20X®)acilaria firma

102 (Ng et al. 2017) an@racilaria tenuistipitatavar. liui, which was the first complete

103  chloroplast genome published of Florideophyceae (Hagopian et al. 2004).

104  Mitochondriahgenomes were also investigated in the parasitic tasamilariophila

105  oryzoidesand its hosGracilariopsis andersoni{fHancock et al. 2010).

106 Furthermore, the family is highly interestifay investigatonsof genome

107  evolution and thénfluence of plasmidierived sequences (PDSa$3most of the

108  published chloroplagienomes presetttese insertiond_ge et al. 2016b, Ng et al.

109  2017). Moreoverhorizontal gene transfers from a bacterial plasmid, which ceuatain

110 the geneseuC andleuD (hencefortHeuC/leuD), were also reported in the chloroplast

111  genomes‘oGracilaria tenuistipitatavar. liui (Hagopian et al. 2004, Janouskovec et al.

112 2013) andGracilaria chilensis(Lee et al. 2016b). However, relatively little attention

113  has been paid to examining genome evolution in Gracilariaceae, and phylogenetic

114  analyssbased oralargedataset from organellar genonags not yet availablior the

115  family in‘the literature

116 Qur study aims to i) characterize new mitochondrial and chloroplast genomes of

117  Gracilariaceae, expanding sampling among diverse lineages within the family, ii)

118  evaluate the evolutionary history of the family using phylogenomics, and iii) compare

119 the genoemic architecture of each of the organelles, including an investigation ofdplasmi

120 derivedisequences.

121
122 MATERIAL AND METHODS
123 Taxoen,sampling and culturing#/e sequenced whole-genorfrem ten

124  Gracilariaceae specieSracilaria caudata G. ferox, G. gracilis, G. rangifering G.
125  tenuistipitata G. vermiculophyllaGracilariopsis longissimaGp. mclachlaniiGp.
126  tenuifrons and Melanthaliaintermedia(Table Slin the Supporting Information).
127  Exceptfor Gracilaria caudata,G. vermiculophyllaandMelanthaliaintermedia
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128  samples werebtained from the LAMJSP Germplasm BanfCosta et al. 2012).

129  Gracilaria caudatahas been maintained laboratoryculturebut has no Germplasm
130 Bank vouche(TableS1). Thesesamplesvere cultivated in vitrdor about one month.
131  Apical fragment®btained from th&ermplasnbank were transferretd Erlenmeyer
132 flasks&50=:mi='with 50 mL of modified von Stosemriched seawateaolution(Ursi and
133 Plasting2001). Cultures were maintained under 150 pptodtons - i - s*

134  photosynthetically active radiation (PAR) provided by 40 W daylight fluorescent tubes
135  on a 14h light/10h dark cycle anderatedor 30 min- h™*. We renewed the medium
136  weeklywhenwe rinsed the algam thefreshwater and MilliQ water to clean possible
137 contaminantsTwenty-four h before DNA extraction we added 50 mg™ df penicillin
138 and 25 mg/#"Lt of streptomycin to the 50 mL of modified von Stosch medium to
139  eliminatepossible bacterial contaminatiguips 2mL - L™ of Micostatinto eliminate
140  possible fungiicontamination; and I¥f - L™ of germanium dioxide to eliminated
141  possible diatom contaminatio8ilica dry material ofs. vermiculophyllaandM.

142  intermediawereprovided by SFrederigc’s lalrollection

143

144 Malecular techniques and high-throughmetguencing We extracedtotal

145  genomic'DNAfrom sample¢~200-800 mg of biomass) using the method described in
146  Faugeron et.al2001.To prepare th®NA libraries exceptor Gracilaria

147  vermiculophyllaGracilariopsis tenuifronsandMelanthaliaintermedia we used

148  TruSeq DNA PCRFreeLT Library preparation kit (lllumina, San DiegGA, USA),

149  followingthemanufacturer’s instructioBefore the DNA library preparatiowe

150  diluted the genomic DNA to a final volume of 55 L at 40 pd.*", measured with the
151  Qubit® 3.0 Fluorometer using the Qubit® dsDNA HS Assay Kit (Thermo Fisher
152 Scientific Inc, WalthamMA, USA). DNA wasshearedusing Covaris Series

153  (Woburn, MA)with the following parameterd:75W of incident power, 5% duty

154  factor, 200-eycles, intensity level &y 40 s. We usedhe Kapa Hyperplus Library

155  Preparation:Kit to prepare the DNA library@facilaria vermiculophyllaand

156  Melanthalia intermediadiluting genomic DNA to a final volume of 35 pL at a

157  minimum'ef,20 ng of total DNA inputyith enzymatic fragmentation (8in). To

158  prepare th&racilariopsistenuifronsDNA library, wedilutedthe genomic DNA to a
159  final volume of 50 pL at 100 nguL™ and sonicated under the followipgrameters
160 175 W of incident power, 10% duty factor, 200 cyclatensitylevel 2 for 50 s. For

161  this specieswe constructethe DNA libraryusingNEBNext DNA Library Prep Master
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Mix and NEBNext Multiplex oligos (New England Biolabs, Ipswitid, USA),
following the manufacturer’s protocol. We quantifigtithe ibrarieswith RealTime
PCRusing the Roche Light 480 Il Cyclaith the KAPA Library Quantification Kit for
lllumina Sequencing Platforms (Kapa Biosystems, Wilmingk@, USA). Exceptfor
Gracilariepsistenuifrons Gracilaria vermiculophyllaandM. intermedia all the
prepared DNA libraesweredilutedin ddH,O to a finalconcentration of 2M and
pooled together."Wgsequencethe pool using lllumina HiSeq 25@2the Human
Genome and Stem Cell Research Center (HLEEL) atthe University of S&o Paulo
(IB-USP,Sao Paulo, Brazil)We implemented thRapid Run mode using t&Seq
Rapid PE Cluster v2 and HiSeq Rapid SBS (500 cycleshkgsnerate rea@ngthsof
250basg"pairs (bp¥sracilariopsis tenuifronsvas sequenced apaired-end mode
using200°cyeleson an lllumina HiScanSQ at the Laboratério Multiusuarios
Centralizado (ESALCQJSP, Piracicaba, Brazitp generate reads of 100 bp length.
Gracilaria vermiculophyllaandMelanthalia intermediavere sequenced epaired-end

mode using 300 cycles on an Illlumina NextSeq 550.

Genome assembly and annotatidtaw lllumina readquality wasanalyzed irthe
FastQCprogram (Andrews 2011) e\isedlrimmomatic v0.036 (Bolger et al. 2014) to
clean and trimow-quality reads and baségé/e normalized the raw reads to 100x
coverage using BBnorm (Bushnell 201d) the DNA libraries withexceptionally high
coverageWeassembled the genomegh SPAdeqNurk et al. 2013}ettingdifferent
k-mer sizesi(e., 22, 33, 55, 77, 99, and 127). Mitochondrial and chloroplast assembled
contigs were identified usingLB\STn (Altschul et al. 19903earches against a custom
built database containing published organellar genomes from Gracilariaceae. These
contigs were imported to Geneious 9.B8&matters)and original reads were mapped
using Bowtie 2 (Langmead and Salzberg 2ad2)onfirm the assemypl Circularity was
verified bysehanging the start and end position and remapping the originatoehes
assemblieg=or Gracilariopsistenuifrons we could not complete the circular genome
and we.used MyCC (Lin and Liao 2016)identify mitochondrial and chloroplast
contigs. Both mitochondrial and chloroplast genomes were annotated using MFannot
(http://megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotinterfade.fa)d coding
sequences (CDS) and ARAGORNLtp://130.235.46.10/ARAGORNANd RNAwesel
(http://megasun.bch.umontreal.ca/bgi/RNAweasel/RNAweaselinterface) pb find
RNA and intronsequenced.arge and Small ribosomal RNA&erechecked using the
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196  SILVA rRNA databasé€Quast et al. 2013We alsoperformed manual inspections and
197  correctiondooking for open-readinframes (ORFs) usingthe ORFfinder plugin

198 available in Geneious 9.1.Boubful ORFswereverified using BLASTx We

199 reannotated therganellar genomes obtained from GenBank when geaesmissing

200 ordifferedfrom the same organellgenomedrom different specieRevised

201  annotations of published genomes are found in Tabla the Supporting Information.
202 We searched for plasmid sequences in the assembled contigs from all sequenced
203  speciesusinBLASTN (+task blastnpgainst published Rhodophyta plasmids (Table S3
204  in the Supparting Information). Resultiegntigs from BLASTn were imported to

205 Geneious 9.1.8 and original reads were mapped using Bowtie 2 to confirm the

206 assembly. Circuldity was verified by changing the start and end position and remapping
207 tothe original reads. ORFs were identified using the ORF finder parglmerified

208  usingBLASTxon the webWe also compared dllomologous plasmid genes of known
209  Gracilariaceae plasmid§he homologoudreestanding ORFs were classified in

210 different.categories called FSO (Tafie

211 Wesearched foPDSin all complete organellar genomes, including the genomes
212 downloaded from Genbank, usitf published ed algae plasmidsvailable in

213  Genbank(Table §33The PDS weresearchedisingtBLASTx with 52 plasmidCDS

214 quelesagainsbour databasef Gracilariaceae organellar genomes. We also used

215  BLASTn with complete plasmid sequences against genomes dafahakeblastn)For

216  bothsearcheswe considered only hits wite-value less than 1e5°.

217

218 Phylogenetic and genomic analys&®r each organelle, weonstructed a

219  concatenated sequenmatrix usingamino acid (aa) data. Both matrices were

220 assembled usingDSthat were present in at least four species. We us&DS for the

221 mitochondrial'matrix and 196DSfor the chloroplast matrikrable S4in the

222  Supporting=information)The matrices were constructed using genes from either

223  mitochondrial or chloroplast genomes from Gracilariaceae available in GenBank plus
224  the speciegsewly sequenced in thistudy(Table 3. In total, our mitochondrial and

225  chloroplasmatricesncluded 19and15samplesrespectivelyFor all phylogenetic

226  reconstructions, we uséthondrus crispusGelidium elegansGracilaria vagumand

227 Rhodymenia pseudopalmada outgroups (Leblanc et al. 1995, Janouskovec et al. 2013,
228 Kim et al. 2014, Yang et al. 2014, 2015, Lee et al. 2016a, Lee et al. 20h6lna

229  matriceswere aligned using MAFFT version 7 (Katoh and Standley 284 3)
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implemented in Geneious 9.1.8. We performed Maximum likelil{dtid analyses
usinglQ-TREE 1.5.4 (Nguyen et al. 201B)ith 1,000 replicates of ultrafast bootstrap
(Minh et al. 2013). W performed partitionednalysegChernomor et al. 2016) using
PartitionFinder(Lanfear et al. 20123vailable in IQTREE1.5.4 (m TESTMERGE)}o
select-a model for each gefoe theaamatrix.

We standardized the start position of all linear genomasdessynteny.
Mitochondrial'genomes welimearizedat theAsparagindRNA gene {rnN);
chloroplast genomes weliaearized at themall subunit ribosomal RNA genesy).

The start positions were chosen because they are the beginning of large conserved
regions'in the genomeBoth organellar genomesere alignedisinga progressive
Mauvealgarithm (Darling et al. 2010h Geneious 9.1.8 applying tifigl alignment
option, atutomatically calculated seed weights and automatically calculatisaum
locally collinear blocks (LCBJ)o scoreandcomparegeneic syntenybetween species
within genomes.

We searched fdeuC andleuD genes irtheassembled contigs in all samples
sequenced..We used@s query thesracilaria tenuistipitataandGracilaria chilensis
chloroplast-encoded genes abldondrus crispusiuclear-encoded genese(Q.C =
XP_005715507teuD = XP_005718118). OthéeuC andleuD sequences were obtained
from GerBankusing closest homologs from BLASBearchespon excluding samples
from environment samples and multispegcigkich usually are not well identified.
Protein sequences were aligned using MAFFT version 7 as implemerGetheious
9.1.8. Maximum likelihood inferences were complatetQ-TREE 1.5.4 using
TEST’ parameter to choose the best model with Pro@restl,000 replicates of

ultrafast bootstrap.

RESULTS

Sequencing and assembkll samplesequenced using the Illumina HiSeq 2500
hadextraerdinarilyhigh coverage (>5,000xf both organellar genomeBecause
excessiveoverage can affect assemilyality (Lonardi et al. 2015yead coverag@as
normalized to 100x prior to assembGracilariopsis tenuifronsin contrast, had an
acceptable, bubw coverageassembly20.81 on averag®r themitochondrial and
43.62 on averag®r thechloroplast genome). Thuswasnot possible taletermine

complete organellar chromosonfes this specieg¢Table S).
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We completel the assembly and annotations of both organellar genomes without
gapsfor Gracilaria caudata, G. ferox, Gracilis, G. rangiferina, G. vermiculophylla,
Gracilariopsislongissima Gp. mclachlaniandMelanthaliaintermedia For Gracilaria
tenuistipitata we complet@ only the mitochondrial genombecause the chloroplast
genome had-been previous publiskmdhe same strai(Hagopian et al. 2004fror
Gracilariopsisitenuifronswe extraced 19 mitochodrial genegGenbank accession
numberiH396176-MH396194) and 147 chloroplast ger{@enbank accession
numbergMH396029-MH396173%)om 6 mitochondrial an&6 to chloroplast contigs
respectively

Genome structureAll general characteristics of the organellar genomes of
Gracilariaceae speciesedescribed in Table Zhenine completenitochondrial
genomesve sequenced wer@milarin GC content antength GC contentvas 28.1%
on average (min = 25.4% (Bracilaria rangifering max = 29.2% irGracilaria
gracilis); lengthwas26,006 bp on averag6racilaria gracilis hadthe shortes{25,.865
bp) andGracilariopsis longissim&adthe longest genome (26,744 bp). Mitochondrial
genomes.were also similargene content (Table 2), comprising 25 protein-coding
genesthree rRNAs (1, rrs, rrn5) and 24RNAs. The excepins wereGracilariopsis
longissima;"G: chordandG. lemaneiformisvith 26 protein-codingenesand
Gracilaria ferox with 23tRNAs andMelanthaliaintermediawith 20 tRNAs.(Tables 2,
S5in‘the Supporting Information). All mitochondrial genomes had a Groimprdin
(ranging from 416 bp iGracilaria rangiferinato 499 bp inGracilaria chilensig in the
trnl tRNA'gene.

All Gracilaria andGracilariopsiscomplete chloroplast genomssquenced in
this studywerealsosimilarin GC content and length. Howeveét, intermedia
chloroplast genomis larger anchadhigher GC content (Table 2). GC contesas
28.8%.0n average (min = 27.3% @racilaria longissima max = 31.8in M.
intermedigjthelength was 18.048 bp on averag&racilaria rangiferinahad the
shortest478841 bp) andM. intermediathe longest genome (218,416 bp). Chloroplast
genome®f Gracilaria andGracilariopsisspeceswere also similar in gene content
comprising 203 to 207 protein genedile the M. intermediachloroplast had 224
protein genes. All chloroplast genomes ta@e rRNA (rl, rrs, rrn5), 30tRNA, one
tmRNA and one npDNAr(pB; Table 2 Table S6 in the Supporting Informat)oill
chloroplast genomgsossessed Group llintron inthetrnMe tRNA gene (ranging from
1,998 bp inGracilariopsislongissimato 2,111 bp irGracilariopsislemaneiformis
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297 Plasmids- From theassembledontigdata,we foundthree circulaplasmid

298  sequenc® one inGracilaria ferox (Gfe3115) and two iGracilaria vermiculophylla
299  (Gve4548 and Gve7464; Fig. Table S3). Th&fe3115 plasmid was 3,115 bp (82x
300 average coverage with normalized reads to 100x) and cedfair ORFs FSO1,

301 FSO2#FSO3‘and ORF1, of which ORdd no similarityto other sequenceas

302 GenBank. The Gve4548 plasmics4,548 bp (157.7x average coverage) and had
303 FSO1, FSO5,FS06, FSO7and FSO8 homologous ORFs, which presiantadty in
304 sequene@and syntenyvith the Gracilariopsislemaneiformigplasmid Gle4293 (Fig. 1).
305 The Gve/464 plasmid was 7,464 bp (15482&rage coveragejith six ORFs including
306 leuC andleuD/genesFSO1, FSO2FS0O4 and OREf which ORFZhad no similarity
307 to otherssequenceés GenBank.

308 Phylogeny Mitochondrial and chloroplast ML trees weaggely congruentKigs.
309 2A, 3A). When only species for which both chloroplast and mitochondrial genomes are
310 available are used for phylogenomic analyses, chlorogtesiitochondrial trees are
311 identical (data not showngracilariaceae is monophyletid. intermediais sister to a
312  monophyleticiclade containing both monophyletic ge@acilaria and

313  Gracilariopsis Comparing the trees of both organellar genomes, the mitochondrial tree
314 presentedlower support in some nodes, including the posit@racflaria rangiferina
315 as a sister.taxon to the otl@racilaria species in the tre@3%),G. vermiculophylla
316 groupedwith theG. tenuistipitatdG. chilensisclade (81%)G. feroxgroupedwith G.
317 salicornia(84%), andGracilariopsis mclachlanigroupedwith the Gracilariopsis

318 lemaneiformifGp. chordaclade(81%). On the other hanthe chloroplast trekadfull
319  supportfor all those nodes. We used sledVIL trees as referencefor inferring the

320 evolution of Gracilariaceae organellar genomes.

321 Genomic comparison and plasndérived sequences mitochondria

322 Mitochondrial'genomes ateghly conserved especially in two main regions. The first
323  one betweetrnN andcobgenegblue locally collinear blockd[CB] in Fig. 2A) and
324 the otherbetweemnL andtrnA genes (purple LCB in Fig. 2ARegions that were

325 specificforeach genome were generally causeddginsertion.We investigated the
326  occurrence.@PDSin the newlygenomesand in the previodg published genomes.
327 These insertions occurred mainly in two regiohthe genomevherethe transcription
328 directionchanges (black line besin Fig. 24).

329 All PDS insertios found in the mitochondrial genomes (Fig. 2, B @ydvere

330  similar (evalue between 1.8 to 1.0&™) to theplasmids previouly desribed for
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Gracilaria robusta(Goff and Coleman 1988identified as5ro4059 Fig. 1; Table S3)
Gracilariopsis andersonihad the largst mitochondrial genome (Table 2) due to the
~2,000 bpPDSinsertionbetween the gengsiH andtrnL. Gracilariopsis longissima
hada PDSlocated betweenobandtrnH (Fig. 2B). In Gp. longissimane of the
plasmidderivedCDSis homologous to FSO9 (Fig. 2Bable J that is also found .
robustaGro4059 plasmid (Fig. 1Y.his gene was thenly plasmid-derived CDS found
in the mitochondrial genomes. The other region whE)& werefoundwasbetween
trnA andtrnN geneqFig. 2Q. We did noffind PDSinsertionsin the mitochondrial
genoms of Gracilaria vermiculphyllafrom Asig G. changii G. ferox G. salicornia
from Hawaii,Gracilariophila oryzoides andM. intermedia All the PDS indels
occurred’betweetRNA genes, with one exceptioBi@cilariopsis longissim&DS
betweercobandtrnH; Fig. 2).

ThegenetrnH is in different positios in Gracilaria andGracilariopsis and it is
absent irM. intermedia(Fig. 2B). In Gracilariopsis it is found betweenob andtrnL.
In Gracilaria, it is found betweetrnG andsdiB. This gene is in the other strand3n
salicorniafromy Hawaiiwhencomparedo the other genomes (Fig. 2Bjracilariopsis
chordaandG. lemaneiformiiad a hypothetical prote{iP) gene betweetinG and
sdiB (Fig-"2B) that did not match with any known gene in GenBank. The region
betweertrnA-andtrnN is highly variable (Fig. 2, A and C). For exampBracilaria
rangiferina G. caudataandGracilariopsis mclachlaniihad an inversioim the region
including thegenedrnY, trnR andtrnS (Fig. 2C).ThetrnY gene is translocated in
Gracilaria vermiculophyllaG. chilensisandG. tenuistipitata(Fig. 2C).Gracilaria
chilensishad a duplication dfnR andtrnS geneglose to an extra PDS insertion
Gracilaria salicorniafrom Hawaii,Gracilariopsis. lemaneiformisGracilariophila
oryzoidesGracilariopsis andersoniandM. intermediamissed thdrnY, trnR, andtrnS
tRNA genesGracilaria vermiculophyllafrom Asia missedirnR andtrnStRNA genes
while G sferexmissedrnY gene.lt is interesting thaG. salicorniafrom Hawaii had
only 38 bp:-betweetrnA andtrnN while G. salicorniafrom Malaysia had 682 bp which
contairedthreetRNA genes and PDS(Fig. 2C). Gracilaria vermiculophyllafrom the
USA had"806 bp betwedmA andtrnN, which contain two tRNA genes, while
vermiculophyllafrom Asia had 420 bp without tRNA genes.

Genomic comparison and plasndéfived sequences chloroplast As well as
mitochondrial genomes of red alga&kloroplast genomeare very conserved synteny
and genome content, presentthgee mairconserved regions. The first onas
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365 betweenrs andcpeB genes (yellow LCB in Fig. 3A). The secowds betweemnblA

366 anddnaK (green LCB in Fig. 3A). The last onmeasbetweernrpl3 andpskD (blue LCB
367 in Fig. 3A). $eciesspecific features athloroplast genomes are generally caused by
368 PDSinsertion(Fig. 3). They are mainly foungetweerpstD andrrs genesDespite the
369  overall=conservation, some differences were found. The geRevas present only in
370  GracilariopsisandM. intermedia Gracilaria salicornia, G. rangiferinaGracilariopsis
371  mclachlaniiandM. intermediamissedycf23, whileGracilaria caudataandG. gracilis

372  had a putative pseudogei&acilaria chilensisandM. intermediamissedpobsA andG.
373 firmahad.a small CDS, probably a pseudogéelanthalia intermedidad a

374  pseudogene gigmA. In thetrnMe-intron, allGracilariopsis Gracilaria firma, andM.

375 intermediahad a CDSrhal) while the otheGracilaria species had two CD$$able

376  S6).

377 Melanthaliaintermediahad at least nine specispecific features (white spaces in
378 LCBs in Fig. 3A).Two of them were larger arithdORFshomologous to plasmids

379  which indicated that they aRDS insertions (orange line block in Fig. 3A&he first

380 one is betwee®RF584 andycb8 and had thkeuC andleuD operon (yellowrectangle
381 in Fig. 3A) ‘and had also homologousplasmid ORFasFSO1, FSO4, FSO1Fig. S1
382 in the'Supporting Informatiof,able ). The second onis betweeromR andrrs and

383 had two complete plasmid insertions (Fig. 3A, B) similar to Gle4293 and Gro4970 (Fig.
384 1). Bothcompleteplasmid insertions aanked by the homologous FSO1 (Fig. 3B).
385  Gracilaria rangiferinahad auniquePDS insertiorbetweerdnaK andrpl3, which

386  contains two genes homologous to FSO1 and FSO6 (orange line block in Fig. 3, Fig.
387 S], Table ). Gracilaria chilensisandG. tenuistipitatahad an insertion including

388 leuCl/leuD geneqyellow rectangle in Fig. 3Abetweernpsd andomR genes

389  Gracilaria chilensisPDShad two small ORFs similar to FSO1 and FS@8veerpsdD
390 gene andite bacterial plasmid insertideuD (Fig. S1).Gracilaria tenuistipitataPDS

391  had tworsmall ORFmatched=SOlbetweerom@®R andrrs genes (Fig. S1)Gracilaria

392 caudatahad-a PDS insertion with three CDSs betweslid andom@R gene similar to
393 FSO4, ESO11FSO1 and an ORF with no similarity found in GenBank (orf142).

394  Gracilariaffirma had a uniqudarge PDS insertioregionwith about 7,000 bp and 11
395 ORFs.In this large PDSwe found a complete plasmid insertion similar to the Gle4293
396 plasmid (Fig. 3AC). This specieslso had another PDStv two small ORFs

397 homologous to FSOdetweeromR andrrs genes (Fig. S1)Gracilaria gracilis hada

398 smallPDS insertion betweempl11l andmoeB geneswithout ORFsGracilaria ferox
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had a PDS insertion betwepslD andom@R gens withoutORFs.Gracilaria
salicorniaalso had a PDS insertitnetweerpstD andom@®R and had a gene
homologous to FSOL1 (Fig. SBracilariopsis mclachlanihad a larger PDS insertion
cab5,000 bp with fragments of five CDSs similar to FSO1, FSO8, FSO7, FSO6 and
FSOlbetweerom®R andrrs (Fig. S1).Gracilariopsis lemaneiformiandGp. chorda
had a PDS insertiopetweerom@®R andrrs. In Gp. lemaneiformishe PDS had four
small CDS*homelogous to FSO7, FSO6, &8®D1(Fig. S1) and there is no ORFs in
PDS insertion irGp. chorda We did not find any PDS insertions in tG@. longissima
andG. vermiculophyllachloroplast genome.

leuC/leuD operon As we found théeuC/leuD genes irthe chloroplast genomes
of Melanthalia intermediaGracilaria tenuistipitata, G. chilensi@=ig. S1) and inG.
vermiculophyllaplasmid Gve7464 (Fig. 1), we searched for homologous genes in all
assembled contigs the other species. We fouladiC/leuD encoded in nuclear contigs
in all species excepor G. chilensisG. tenuistipitataandG. vermiculophyllawhile in
M. intermediawe found only pseudogen@diese species are exactly the species that
present thesergenes in the chloroplast or plasithielM. intermediaeuD nucleus
encoded.gene was divergent that we could not alighin the matrixused to
reconstruct'the phylogeny. ML phylogeniaterredfrom eachof those twogenes are
not congruenfFigs S2, S3n the Supporting Informatignin leuC ML phylogeny, all
genes encoded in chloroplast and plasm@lsvérmiculophyllagrouped with
Proteobacteria clade (Fig. S2). HoweveleguwD ML phylogeny, those genes grouped
with oneproteobacterigXenorhabdus budapestensighile all other proteobacteria
formed @ separate, naoalated clad€Fig. S3. All leuC/leuD nucleus-encodegenes
grouped in &lade with ViridiplantaeThe only exception was the unicellular red algae
Cyanidioschyzon merolaghich was placed as sister of the clade that comprises
cyanobacteriajand Viridiplanta@racilariaceae nucletencoded genes grouped with

other Rhodophyta taxajhich alschave these genestine nucleargenome.

DISCUSSION

Organellar phylogenomics of Gracilariacea®&'e completd mitochondrial and
chloroplast genomes oine species of Gracilariaceaglthough we could not obtain a
circularizedorganellar genome @p. tenuifronswe obtaied most of the genes to
reliably infer thephylogeny(Tables S5, S6)Our phylogenies are the firgsinglarger
gene content matriceq genes for the mitochondrial and 196 genes for the
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chloroplast) foiGracilariacea@andhadvery high bootstrap support. Phylogenetic
analysis of mitochondria and chloroplast genes shaiveitr topology. However, the
chloroplastphylogenywas betteresolved (full support in all nodgBigs 2A, 3A).
Chloroplast genomes have beeell established as a promising resource to resolve red
algal phylegenies, due to its highly conserved nature and adequate phylogenetic signal
(Janouskovec et al. 2013, Costa et al. 2016, Lee et al. 2016a).

Although our taxonomic samplingasnot extensive (18pecies for
mitochondrial and 15pecies for chloroplast), our sampling represtr@ main clades
of Gracilariacea¢Gurgel and~redericq2004, Lyra et al. 2015). Along these lines,
genericecircumscription withinGracilariaceae has beeantroversialgspecially
whetherHydropuntiais distinct fromGracilaria (Bellorin et al. 2002Gurgel and
Fredericq2004, Lyra et al. 2015). Furthermore, a yet unnamed genus proposed for the
clade representduay Gracilaria chilensis G. tenuistipitataandG. vermiculophylldhas
alsobeensuggestedGurgel and Fredericq 2004, Lyra et al. 2015). The largest and most
well reselved phylogeny of Gracilariace@elucedHydropuntiaand the unnamed genus
to Gracilaria,. forming a monophyletic genus, based on three molecular markeks (
UPA, andCOI-5P, Lyra et al. 2015). Previous memberdyfdropundia including
Gracilariarangifering G. caudata G. changii,andG. firma(Abbott et al. 1991, Gurgel
and Frederieq 2004, Lyra et al. 2015, Ng et al. 2017) didfonwt amonophyleticclade
in any of our topologief~igs 2A, 3A), which corroborates previous findin@gsgra et
al. 2015). On the other har@racilaria chilensis G. tenuistipitatg andG.
vermiculophyllaform a monophyletic group, but withfaracilaria (sensu Lyra et al.
2015). Thus, thé&ransfer of these three species to a new genus would i@nalgtaria
non-monophyletic. Furthermore, our analyses show the g&raciaria and
Gracilariopsisaremonophyletic, with full support. In addition, the monophyly of the
latter two generas supported byhe loss of the plastid gepetP (in Gracilaria) andthe
positionsof:the gentrnH in the mitochondrial genome (Fig. 2B).@racilaria, this
gene is betweemmnG andsdiB and inGracilariopsisthis gene is betweesob andtrnL

genes.

Genone architecture andheinfluence of plasmilin theevolution of
mitochondrial genomes iBracilariaceae-Our newly sequencegenomes are
consistent with thosknown for Gracilariaceaandother Florideophyceae. Together,
they demonstrataconserved gene content and synteny among these qfigp2A,
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467  3A, Tables S5, S&Campbell et al. 2014, Yang et al. 2015, Lee et al. 2016a). The 18
468  completemitochondrial genomesitsfor Gracilariopsis 11 for Gracilaria and one for
469  Melanthalig are highly conserveexceptin two regiors thatincludevariations in

470 tRNA genes and inserted PPSg. 2A, boxes B and CYhere is aearrangement of

471 trnH betweenGracilariopsisandGracilaria (Fig. 1B) thatwas previouly reported by

472  Lee et al. (2015)this genels otherwise absent M. intermedia However, this

473  rearrangemerdccurred several times Florideophyceae (Yang et al. 2015h€ellocus
474  with trnk+nado+rnG genegFig. 2B)is highly conserved in Florideophyceae, exaept
475  Hildenbrandiophycidae, and itliscatedbetween two highly divergent loci (Yang et al.
476  2015).Theregion betweetrnA andtrnN (Fig. 2C) is also highly variable terms of

477  tRNA conteniin Florideophyceae, except in Nemaliophycidae and

478  Hildenbrandiophycidae (Yang et al. 2015his variationdoes not characterize different
479 clades in thghylogenes ofthese groups (Yang et al. 201&hdcan alsde observed
480  within species, as iGracilaria salicorniaandG. vermiculophyllgFig. 2C). Thisloci

481 in the mitochondrial genome can be highériableand could thus be an interesting tool
482  for populationigenetics, biogeographic and phylogeographic studies (Song et al. 2016).
483  For exanple,the mitochondrial genomes Giracilaria salicorniaspecimens from

484  Hawaiirand"Malaysia have 96.9%aleotidesdentity. However, if the 682 bp sequence
485  betweertrnAsandtrnN—which include three tRNA genes and two PDSs (Fig. 2C)—
486  from the Malaysian specimen is exclud#tk identity is 99.4%Gracilaria salicorniais
487  an invasive species in Hawaind its type locality ign the Philippines(Fig. 2, B and

488 C).

489 The hotspotef PDSinsertiors in mitochondrial genomes are exactly where the
490 origin andterminusof replication may occuryherestranddirectionchanges (Fig. 2).

491  These PDSwereprevioudy reportedn Gracilaria chilensis, @acilariopsischorda

492  andGracilariopsislemaneiformigZhang et al. 2012, Yang et al. 2014, Lee et al. 2015).
493  Moreoversallkthe PDS insertions found in mitochondrgere similar taGracilaria

494  robustaplasmid Gro4059 (Fig. 1)vhich suggestshat similar plasids could have

495  been inserted in the mitochondr@racilariopsis longissimas the only species in

496  which aplasmid homologous ORF (FSO9) was found in the mitochondrial genome
497  (Fig. 2B). The intron in thé&nl gene was found in all sequenced mitochondrial

498  genomes of Florideophyceae (Table S2), suggesting that this intron was gaimed in t
499  florideophycean ancestor (Yang et al. 2015).
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500 Genome architecture and the influence of plasmids in the evolution of chktropla
501 genomes in Gracilariacea€T o infer chloroplast genome evolution in Gracilariaceae,
502 we compared gene synteny fromd@mplete genomes available (Fig, fdur

503  Gracilariopsis nineGracilaria and oneéMelanthalia As it wasobserved for the

504  mitochondriZ®g@enomes, loroplast genomerganizations highly similar,except for

505 regionswith PDS insertions (Fig). PDS insertioearecommon in Rhodophyi@ ee et

506 al. 2016b)"andverefound inalmostall Gracilariaceaehloroplastexcept inGracilaria

507  vermiculophyllaandGracilariopsis longissimdFig. 3A). Most PDS insertionkave

508 ORFs which are homologato ORFs found in previoug publishedplasmids (Table

509 1) and they are positioned betwdbapsd-om@R-rrs locus (Fig. 3A). This region is

510 the hotspoforiplasmid insertion in chloroplast genomes in Gracilariaceae (Lee et al.
511  2016b, Ng et'al. 2017put the correlation with the origin and terminus of replication is
512  not as clear as in the mitochondrial genome.

513 Melanthalia intermedigpossessesvo whole plasmid insertions similar in

514 homologous ORFs and synteny to the Gle4293 and Gro4970 plasmids in the chloroplast
515 genomes.(Figs 3BfGracilaria firma possessegwhole plasmid insertiorsimilar to the

516  Gle4293,plasmid (Fig. 3QNg et al. 2017)The factthatall these insertionare flanked

517 by FSO1(Fig- 3, B an@), which is a protein belonging to the family DUF1368 with
518 unknown function andpecific to red algad_€e et al. 2016k\g etal. 2017), could

519 means that this homologous genaybe associatedith the mobility of the complete

520 plasmid or plasmid regions. FS@lthe most common and widespread gene found in
521  plasmids and chloroplast genomes of red algae (Lee et al. 2016b); the origin of this
522  plasmidderived gene is unknown (Lee et al. 2016lhe presence of red algal plasmid
523  regions in the organellar genome has been reported in Rhodophyta with or #ighout
524  co-occurrence of extrachromosomal plassniblg et al. 2017\We found

525  extrachromosomalircular plasmids ifsracilaria feroxandGracilaria

526  vermiculephylla The plasmid irG. feroxhas FSO1, FSO2, FSO3 and@RF with no

527  similaritysin-GenBank protein databa@ég. 1). The PDS insertion the chloroplast of
528 G. feroxhadthreedegenerated ORFs that are different from the plasmid: FSO5,,FSO8
529 and FSOB, which are ORFs found in the Gle42@3mid In G. vermiculophyllathere

530 is no plasmid derived ORFs in organellar genomes. The Gve4548 plasmidashares
531  strong similariy in ORF content and synteny with Gle4293 (Fig. 1), which seems to be
532 the most common plasmid type found in Gracilariaceae.
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The other plasmid d&. vermiculophyllaGve7464, contains two genes of the
proteobacterial operons related to leucine biosynthegisandleuD genes (Fig. 1) and
this is the first recordf these genes ia eukaryotiplasmid. The confirmation that this
plasmid is not a bacterial plasmadntaminant is that it contains Rhodophyta exclusive
plasmid ORESESO1, FSO2and FSO4 (Fig. 1, Table 1)hiieeotherspecies have
leuC/leuD genes irtheir chloroplast genoméracilaria tenuistipitatavar. liui, G.
chilensisandMelanthalia intermedigHagopian et al. 2004, Janouskovec et al. 2013,
Lee et al. 2016b). This operon is potentially functional and it was probably originated
from horizontal gene transfenmsvolving protobacteriabonors (Janouskovec et al.

2013) The ML phylogeniesf leuC andleuD (Figs. S2, S3) using encoded-
chloroplast/plasmid genes and nuclemsoded genes clearly show that there are two
originsforthese gene Rhodophyta.tlis interesting that the species that have
chloroplast/plasmigtncoded genes do regemo have a functional nucleus-encoded
gene.Melanthalia intermedidad pseudogenes. The fact that there are more copies of
chloroplast and plasmid genomes than nucleus genomeleadsip gprevdence ofthe
chloroplast/plasmigtncoded genes in these species and the nuefeasled gnes may

be lost in.theauclear genome.

The“origin and function of mosed algaglasmid genes are unknown and
difficult to determine, becausso far, the only match observed for thgsees isvith
organellar genomes and plassidlee et al. 2016b). Beside this, the copy number and
the position of the homologous plasnddrived ORFs in the organellar genomes are
inconsistent in Rhodophyta phyloges(Lee et al. 2016b, Ng et al. 2017). It is possible
that the/plasmids may have baetegratednto the organellar genomes randomly
during the evolutionary history of the organisms and this incorporation into the
maternally inherited organelles may have rendered their fixation in a populat®et(Le
al. 2016b, Ngret al. 2017). Howeverpstplasmidderived genes in organellar genomes
seem torbespseudogenes because thelytadee smaller and highly divergent compared
with thesgenes in the plasmids. Therefore, apparently, the plasmid geribsilost
functionsubsequent to beinigpserted in the organellar genomes. The only exception is
theleuC andleuD genes, which seem to be functiorRRlasmids are analogous to
transposable elements with regards to mobility and can contribute to the gzsa of |
genes in the genomes (Lee et al. 2016b, Ng et al. 201hot possible t&now

whether these genes were insertetthe chloroplast genonfeom a Rhodophyta
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plasmidor if the plasmid thatontained thesgenes was disintegrated from the
chloroplast genome.

Genomic architecture is useful to understand the nature and source of change that
occurred during the evolution of organisms. Organellar genomes are mostly highly
conservedin:Rhodophyta, but also have variable regions originated by plasmid
horizontal gene transfer, whiclan be useful for comparisons at species or population
levelk. Plasmids‘have been recognized as mobile elemartttheir origin andletailed
procesaf horizontal gene transfer into organellar genoofeed algae remain unclear
(Lee et. al. 2016b). Moreover, Gracilariaceagg®od model groufor studying the
impact of PDS in genome evolution dieethesignificantpresence of these sequences

in organellargenomes.
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729  Fig. 1 —Linear schematic representation of circular Gracilariaceae plasmids. Plasmids
730  with bold names were sequenced in this study, others were obtained from GenBank

731 (accession‘numbers showed in Table S3). Light grey arrows are ORFs. Black arrows are
732  repeatedegons.Regions identified as ‘Repeht 2 and 3areentirely repeated

733 sequencem different positions of the genome. Regions identified &p&ategion’

734  are repetitions in tandem. Scale line in base pairs.

735  Fig. 2 < Mitochondrial genome phylogeny and g@aitc comparison of Gracilariaceae.

736 A. Left, maximum likelihood phylogenetic tree based on an amino acid matrix with 25
737  coding genes sequences. Right, mitochondrial progressive MAUVE alignment. Each
738 linear génome corresponds to the name in the phylogéresicThere is no assembled
739  genome ofsracilariopsis tenuifronsn theMAUVE alignment. Horizontal axis above

740  refers tosgenome length in base pdlip). Synteny between genomes is represented by
741  Locally.€ollinear Blocks (LCB). LCB above the line is tloeviiard strangbelow the

742  line is the reverse strantihe samecolor line of LCB along the alignment indicate

743 similarity region among the genomes. Gene naapshown below the LCBs, protein

744  coding genes in white, rRNA genes in red, tRNA genes in dark green and intron in light
745  green. Position of boxes above (forward) and below (reverse) line also refers to gene
746  orientation. B and C. Loci marked in black line in A in detail. Protein coding genes are
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represented in arrow box in yellow, plasmid-derived sequence in grey, angreiach
marked in different colors. Arrow besdonot represent gene length and the scheme

represents only the synteny and not alignment.

Fig. 3 — Chloroplast genome phylogeny and genomic comparison of Gracilariaceae. A.
Left, maximum likelihood phylogenetic tree based on an amino acid matrix with 196
coding genes sequenc&sght, mitochondrial progressive MAUVE alignment. Each
linear.genome corresponds to the name in the phylogeresicThere is no assembled
genome ofcracilariopsis tenuifronsn theMAUVE alignment. Horizontal axis above
refers to'gnome length in base pair (b@ynteny between genomes is represented by
Locally Collinear Blocks (LCB). LCB above the line is tloewardstrand below the

line isthereverse strand’he smecolor line of LCB along the alignment indicate
similarity.region among the genomes. Gene naapshown below the LCBs, protein
coding genes'in white, rRNA genes in red, tRNA genes in biairknin light green
andleuCfleuD operon in yellow (showed iMelanthaliasp.,Gracilaria chilensis and
Gracilanartenuistipitatd. Position of boxes above (forward) and below (reverse) line
also refers to generientation. Continuous orange line boxes represent plasmid-derived
sequences. Red arrows indicatespia-insertion similar tadhe Gle4293 plasmid. Green
arrows indicate plemid-insertion similar tahe Gro4970 plasmid. B and C. Loci with
plasmidinSertions marked in A in detail. Protein coding genes are represented in arrow

box in yellow, including plasmids derived ORFs (FSO).

Fig. S1 =xGene synteny of the plasmid-derived sequence regions found in chloroplast

genomes. These regions are identified in orange line box in RBdure

Fig. S2—_Maximum likelihood phylogeny d¢éuC. Numbers at nodes indicate bootstrap
replicatesBootstrap support values are shown only above 50%.

Fig. S3= Maximum likelihood phylogeny déuD. Numbers at nodes indicdteotstrap

replicatesBootstrap support values are shown only above 50%.

Table SI=Genome sequencing statistics of species analyzed in this study. All specimen
herbaria'vouchers are deposited at SPF herbarium at University of Sdo Paulo, S&o

Paulo, Brazil.

Table S2- Notes about annotations done in published genomes in Genbank. “c”

indicated reverse strand.
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778  Table S3- General information of plasmid sequences used in present study.
779  Table S4- List of Gracilariaceae proteicoding genes used in the ML treeussh.

780 Table S5- Mitochondrial genes from species used in present study. Gene present is
781  markediwith colour and “+” or name. Gene absent is marked in white. Genes as

782  generallyrarranged by different colour. Line indicated same locus.

783  Table S6 Chloroplasigenes from species used in present study. Gene present is
784  markedwith coloand “+” or name. Gene absent is marked in white. Genes aslijgner
785  arrangedsbysdifferent color. Line indicated same locus, except to unique ORF&skAster

786  (*) indicatedpseudogene.
787

788
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Tablel - Homologous ORFs found in plasmids of Gracilariaceae species

Freestanding ORF  Organism Plasmid ORF Length (bp)
FSO1 Gracilaria chilensis Gch3937 ORF1 1218
Gracilaria chilensis Gch7220 ORF1 813
Gracilaria chilensis Gch7220 ORF4 1218
Gracilaria chilensis Gch7220 ORF6 243
Gracilaria chilensis Gch7220 ORF7 153
Gracilaria chilensis GC2 Unique ORF 1236
Gracilaria ferox Gfe3115 ORF2 1254
Gracilaria robusta Gro4970 ORF1 1236
Gracilaria robusta Gro4059 ORF2347 573
Gracilaria vermiculophylla Gve7464 ORF1 1248
Gracilaria vermiculophylla Gve4548 ORF2 1242
Gracilariopsis lemaneiformis Gle4293 ORF1 1257
FSO2 Gracilaria ferox Gfe3115 ORF3 456
Gracilaria robusta Gro4970 ORF5 585
Gracilaria vermiculophylla Gve7464 ORF4 534
FSO3 Gracilaria chilensis Gch3937 ORF4 348
Gracilaria ferox Gfe3115 ORF4 351
Gracilaria robusta Gro4970 ORF6 405
FSO4 Gracilaria chilensis Gch3937 ORF2 543
Gracilaria chilensis Gch7220 ORF5 594
Gracilaria vermiculophylla Gve7464 ORF2 204
FSO5 Gracilaria vermiculophylla Gved548 ORF1 519
Gracilariopsis lemaneiformis Gle4293 ORF2 495
FSO6 Gracilaria vermiculophylla Gved548 ORF3 600
Gracilariopsis lemaneiformis Gle4293 ORF5 564
FSO7 Gracilaria vermiculophylla Gved548 ORF4 687
Gracilariopsis lemaneiformis Gle4293 ORF4 543
FSO8 Gracilaria vermiculophylla Gved548 ORF5 804
Gracilariopsis lemaneiformis Gle4293 ORF3 789
FSO9 Gracilaria robusta Gro4059 ORF1478 465
FSO10 Gracilariopsislemaneiformis GL3 ORF2 435
FSO11 Gracilaria robusta Gro4970 ORF3 414
FSO12 Gracilaria chilensis Gch7220 ORF2 213
Gracilaria chilensis Gch3937 ORF3 213
FSO13 Gracilaria chilensis Gch7220 ORF8 348
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Gracilaria chilensis Gch7220

Gracilaria chilensis Gch7220
Gracilaria chilensis Gch7220
Gracilariopsis lemaneiformis GL3
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Table2 — General information ahitochondrial and chloroplagenome®f Gracilariaceae

Mitochondrion

Species RefSeq INSDC Size (Kb) GC% Protein rRNA tRNA  Other RNA Intron  Publish
Gracilaria caudata - MH396017 26,030 28.8 25 3 24 - 1 This study
Gracilaria changii NC_034681.1 KX980031 25,729 27.7 25 3 24 - 1 Song et al. 2017
Gracilaria chilensis NC_026831.1 KP728466 26,898 27.6 25 3 26 - 1 Lee et al. 2015
Gracilaria ferox - MH396018 25,588 27.4 25 3 23 - 1 This study
Gracilaria gracilis - MH396019 25,865 29.2 25 3 24 - 1 This study
Gracilaria rangiferina - MH396020 25,908 25.4 25 3 24 - 1 This study
Gracilaria salicornia NC_023784.1 KF824534 25,272 28.4 25 3 21 - 1 Campbell et al. 2014
Gracilaria salicornia - KT373903 25,915 28.6 25 3 24 - 1 Song et al. 2016
Gracilaria tenuistipitata - MH396021 25,880 27.1 25 3 24 - 1 This study
Gracilaria vermiculophylla NC_027064.1 KJ526627 25,973 28.1 25 3 22 - 1 Chi et al. unpub.
Gracilaria vermiculophylla - MH396022 26,149 28.4 25 3 24 - 1 This study
Gracilariophila oryzoides NC_014771.1 KX687879 25,184 28.1 25 3 21 - 1 Salomaki and Lan2016
Gracilariopsis andersonii NC_014772.1 KX687878 27,011 28 25 3 21 - 1 Salomaki and Lan2016
Gracilariopsis chorda NC_023251.1 KC875851 26,534 27.6 26 3 24 - 1 Yang et al. 2014
Gracilariopsis lemaneiformis - JQ071938 25,883 27.5 26 3 21 - 1 Zhang et al. 2012
Gracilariopsis longissima - MH396023 26,744 28.4 26 3 24 - 1 This study
Gracilariopsis mclachlanii - MH396024 26,012 28.5 25 24 - 1 This study
Gracilariopsis tenuifrons - - >19,883 28.8 >19 >1 >14 - 1 This study
Melanthalia intermédia - MH396025 25,348 29.3 25 3 20 - 1 This study
Table2 — Continued.
Chloroplast

Species RefSeq INSDC Size (Kb) GC%  Protein rRNA tRNA  Other RNA Intron Publish

Gracilaria caudata - MH396009 182,933 28.8 207 3 30 1 This study

Gracilaria chilensis NC_029860.1  KT266788 185,637 29.3 205 30 1 Lee et al. 2016
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Gracilaria ferox

Gracilaria firma

Gracilaria gracilis

Gracilaria rangiferina
Gracilaria salicorpia
Gracilaria tenuistipitata™var. liui
Gracilaria vermiculophylla
Gracilariopsis chorda
Gracilariopsis lemaneiformis
Gracilariopsis longissima
Gracilariopsis mclachlanii
Gracilariopsis tenuifrons

Melanthalia intermedia

NC_033877.1

NC_023785.1
NC_006137.1
NC_031149.1
NC_029644.1

MH396010
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MH396011
MH396012
KF861575
AY673996
MH396013
KX284722
KU179794
MH396014
MH396015

MH396016
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187,001
180,807
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