
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Iha, C;Grassa, CJ;Lyra, GDM;Davis, CC;Verbruggen, H;Oliveira, MC

Title:
Organellar genomics: a useful tool to study evolutionary relationships and molecular
evolution in Gracilariaceae (Rhodophyta)

Date:
--

Citation:
Iha, C., Grassa, C. J., Lyra, G. D. M., Davis, C. C., Verbruggen, H. & Oliveira, M. C. ().
Organellar genomics: a useful tool to study evolutionary relationships and molecular
evolution in Gracilariaceae (Rhodophyta). Journal of Phycology,  (), pp.-.
https://doi.org/./jpy..

Persistent Link:
https://hdl.handle.net//



This is the author manuscript accepted for publication and has undergone full peer review 

but has not been through the copyediting, typesetting, pagination and proofreading 

process, which may lead to differences between this version and the Version of Record. 

Please cite this article as doi: 10.1111/jpy.12765-17-215 

This article is protected by copyright. All rights reserved 

 1 

MISS CINTIA  IHA (Orcid ID : 0000-0003-4420-5131) 2 

DR. HEROEN  VERBRUGGEN (Orcid ID : 0000-0002-6305-4749) 3 

 4 

 5 

Article type      : Regular Article 6 

 7 

 8 

Organellar genomics: a useful tool to study evolutionary relationships and molecular 9 

evolution in Gracilariaceae (Rhodophyta)1

 11 

  10 

Cintia Iha 12 

Department of Botany, Institute of Biosciences, University of São Paulo, R Matão 277, 13 

São Paulo, SP, 05508-090, Brazil / School of BioSciences, University of Melbourne, 14 

Victoria 3010, Australia 15 

 16 

Christopher J. Grassa, 17 

Department of Organismic and Evolutionary Biology, Harvard University Herbaria, 22 18 

Divinity Avenue, Cambridge, Massachusetts 02138, USA  19 

 20 

Goia de M. Lyra 21 

Department of Organismic and Evolutionary Biology, Harvard University Herbaria, 22 22 

Divinity Avenue, Cambridge, Massachusetts 02138, USA / Laboratório de Algas 23 

Marinhas, Instituto de Biologia, Universidade Federal da Bahia, Rua Barão de 24 

Jeremoabo, s/n, Salvador, Bahia 40170-115, Brazil 25 

 26 

Charles C. Davis,  27 

Department of Organismic and Evolutionary Biology, Harvard University Herbaria, 22 28 

Divinity Avenue, Cambridge, Massachusetts 02138, USA  29 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

https://doi.org/10.1111/jpy.12765-17-215�
https://doi.org/10.1111/jpy.12765-17-215�
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjpy.12765&domain=pdf&date_stamp=2018-09-12


This article is protected by copyright. All rights reserved 

 30 

Heroen Verbruggen 31 

School of BioSciences, University of Melbourne, Victoria 3010, Australia 32 

 33 

and Mariana C. Oliveira

Department of Botany, Institute of Biosciences, University of São Paulo, R Matão 277, 35 

São Paulo, SP, 05508-090, Brazil 36 

2 34 

 37 

Running title: Gracilariaceae organellar genomes 38 

2

 40 

Author for correspondence: e-mail mcdolive@usp.br; phone +55 11 3091 7630 39 

Editorial Responsibility: K. Müller (Associate Editor) 41 

ABSTRACT 42 

Gracilariaceae has a worldwide distribution including numerous economically 43 

important species. We applied high-throughput sequencing to obtain organellar 44 

genomes (mitochondria and chloroplast) from ten species of Gracilariaceae and, 45 

combined with published genomes, to infer phylogenies and compare genome 46 

architecture among species representing main lineages. We obtained similar topologies 47 

between chloroplast and mitochondrial genomes phylogenies. However, the chloroplast 48 

phylogeny was better resolved with full support. In this phylogeny, Melanthalia 49 

intermedia is sister to a monophyletic clade including Gracilaria and Gracilariopsis, 50 

which were both resolved as monophyletic genera. Mitochondrial and chloroplast 51 

genomes were highly conserved in gene synteny, and variation mainly occurred in 52 

regions where insertions of plasmid-derived sequences (PDS) were found. In 53 

mitochondrial genomes, PDS insertions were observed in two regions where the 54 

transcription direction changes: between the genes cob and trnL, and trnA and trnN. In 55 

chloroplast genomes, PDS insertions were in different positions, but generally found 56 

between psdD and rrs genes. Gracilariaceae is a good model system to study the impact 57 

of PDS in genome evolution due to the frequent presence of these insertions in 58 

organellar genomes. Furthermore, the bacterial leuC/leuD operon was found in 59 

chloroplast genomes of Gracilaria tenuistipitata, G. chilensis, and M. intermedia, and 60 

in extrachromosomal plasmid of G. vermiculophylla. Phylogenetic trees show two 61 

different origins of leuC/leuD: genes found in chloroplast and plasmid were placed with 62 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

proteobacteria, and genes encoded in the nucleus were close to Viridiplantae and 63 

cyanobacteria.  64 

 65 

KEYWORDS 66 

Chloroplast, gene synteny, genome architecture, mitochondria, phylogenomics, 67 

plasmids, plasmid-derived sequences 68 

 69 

ABBREVIATIONS:  70 

aa, amino acid; CDS, coding sequence; FSO, homologous freestanding ORF; HTS, 71 

high-throughput sequencing; LCB, locally collinear blocks; ML, maximum likelihood; 72 

ORF, open-reading frame; PDS, plasmid-derived sequence, G., Gracilaria, Gp., 73 

Gracilariopsis. 74 

 75 

INTRODUCTION 76 

The use of high throughput sequencing (HTS) techniques has led to an increase 77 

in studies using complete organellar genomes to infer phylogenetic relationships in 78 

Rhodophyta, first for the study of higher taxonomic levels (Janouškovec et al. 2013, 79 

Yang et al. 2015, Lee et al. 2016a) and more recently for order and families (Costa et al. 80 

2016, Díaz-Tapia et al. 2017). Those data also facilitated the investigation of other 81 

aspects of red algal genomes, including gene synteny and horizontal gene transfers 82 

(Yang et al. 2015, Lee et al. 2016a, Lee et al. 2016b), and, also to find plasmids (Lee et 83 

al. 2016b). Plasmids are extrachromosomal DNA molecules, autonomously replicating, 84 

generally circular, AT-rich, double-stranded and may have active open read frames 85 

(Goff and Coleman 1990, Moon and Goff 1997, Lee et al. 2016b). They are recognized 86 

as mobile elements and can behave as transposable elements (Harrison and Brockhurst 87 

2012, Lee et al. 2016b). For example, sequences derived from Rhodophyta plasmids 88 

(e.g., Goff and Coleman 1990, Villemur 1990a, 1990b, Moon and Goff 1997) were 89 

observed in the chloroplast genomes in Rhodophyta (Lee et al. 2016b). 90 

The family of red algae Gracilariaceae includes 230 species in six genera (Lyra 91 

et al. 2015, Guiry and Guiry 2017) of which Congracilaria and Gracilariophila, are 92 

parasitic; Gracilaria, Gracilariopsis, Melanthalia and Curdiea are benthic and free-93 
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living. The family is largely pantropical but also occurs in temperate and boreal regions. 94 

Species of the family are commercially important not only for the production of agar 95 

(Zemke-White and Ohno 1999) but for numerous pharmacological applications, which 96 

possess antiviral, anti-inflammatory and antihypertensive properties (Smit 2004). 97 

At the time of the writing of this paper, six chloroplasts and nine mitochondrial 98 

genomes of Gracilariaceae species are available in GenBank. Most of these are from 99 

economically important crop species, e.g., Gracilariopsis chorda (Yang et al. 2014), 100 

Gracilariopsis lemaneiformis (Zhang et al. 2012, Zhang et al. 2016), Gracilaria firma 101 

(Ng et al. 2017) and Gracilaria tenuistipitata var. liui , which was the first complete 102 

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

Mitochondrial genomes were also investigated in the parasitic taxon Gracilariophila 104 

oryzoides and its host Gracilariopsis andersonii (Hancock et al. 2010).  105 

Furthermore, the family is highly interesting for investigations of genome 106 

evolution and the influence of plasmid-derived sequences (PDSs), as most of the 107 

published chloroplast genomes present these insertions (Lee et al. 2016b, Ng et al. 108 

2017). Moreover, horizontal gene transfers from a bacterial plasmid, which contained 109 

the genes leuC and leuD (henceforth leuC/leuD), were also reported in the chloroplast 110 

genomes of Gracilaria tenuistipitata var. liui  (Hagopian et al. 2004, Janouškovec et al. 111 

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

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

analyses based on a large dataset from organellar genomes are not yet available for the 114 

family in the literature.  115 

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

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

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

the genomic architecture of each of the organelles, including an investigation of plasmid 119 

derived sequences. 120 

 121 

MATERIAL AND METHODS 122 

Taxon sampling and culturing– We sequenced whole-genome from ten 123 

Gracilariaceae species: Gracilaria caudata, G. ferox, G. gracilis, G. rangiferina, G. 124 

tenuistipitata, G. vermiculophylla, Gracilariopsis longissima, Gp. mclachlanii, Gp. 125 

tenuifrons  and Melanthalia intermedia (Table S1 in the Supporting Information). 126 

Except for Gracilaria caudata, G. vermiculophylla, and Melanthalia intermedia, 127 
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samples were obtained from the LAM-USP Germplasm Bank (Costa et al. 2012). 128 

Gracilaria caudata has been maintained in laboratory culture but has no Germplasm 129 

Bank voucher (Table S1). These samples were cultivated in vitro for about one month. 130 

Apical fragments obtained from the Germplasm bank were transferred to Erlenmeyer 131 

flasks 150 mL with 50 mL of modified von Stosch enriched seawater solution (Ursi and 132 

Plastino 2001). Cultures were maintained under 150 µmol · photons · m-2 · s-1 133 

photosynthetically active radiation (PAR) provided by 40 W daylight fluorescent tubes 134 

on a 14 h light/10 h dark cycle and aerated for 30 min · h-1. We renewed the medium 135 

weekly when we rinsed the algae in the fresh water and MilliQ water to clean possible 136 

contaminants. Twenty-four h before DNA extraction we added 50 mg · L-1 of penicillin 137 

and 25 mg · L-1 of streptomycin to the 50 mL of modified von Stosch medium to 138 

eliminate possible bacterial contamination; plus 2 mL · L-1 of Micostatin to eliminate 139 

possible fungi contamination; and 1-5 mL · L-1

 143 

 of germanium dioxide to eliminated 140 

possible diatom contamination. Silica dry material of G. vermiculophylla and M. 141 

intermedia were provided by S. Frederiqc’s lab collection. 142 

Molecular techniques and high-throughput sequencing– We extracted total 144 

genomic DNA from samples (~200-800 mg of biomass) using the method described in 145 

Faugeron et al. 2001. To prepare the DNA libraries, except for Gracilaria 146 

vermiculophylla, Gracilariopsis tenuifrons, and Melanthalia intermedia, we used 147 

TruSeq DNA PCR-Free LT Library preparation kit (Illumina, San Diego, CA, USA), 148 

following the manufacturer’s instruction. Before the DNA library preparation, we 149 

diluted the genomic DNA to a final volume of 55 µL at 40 ng · µL-1, measured with the 150 

Qubit® 3.0 Fluorometer using the Qubit® dsDNA HS Assay Kit (Thermo Fisher 151 

Scientific Inc, Waltham, MA, USA). DNA was sheared using Covaris S-series 152 

(Woburn, MA) with the following parameters: 175 W of incident power, 5% duty 153 

factor, 200 cycles, intensity level 2, for 40 s. We used the Kapa Hyperplus Library 154 

Preparation Kit to prepare the DNA library of Gracilaria vermiculophylla and 155 

Melanthalia intermedia, diluting genomic DNA to a final volume of 35 µL at a 156 

minimum of 20 ng of total DNA input, with enzymatic fragmentation (8 min). To 157 

prepare the Gracilariopsis tenuifrons DNA library, we diluted the genomic DNA to a 158 

final volume of 50 µL at 100 ng · µL-1 and sonicated under the following parameters: 159 

175 W of incident power, 10% duty factor, 200 cycles, intensity level 2, for 50 s. For 160 

this species, we constructed the DNA library using NEBNext DNA Library Prep Master 161 
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Mix and NEBNext Multiplex oligos (New England Biolabs, Ipswich, MA, USA), 162 

following the manufacturer’s protocol. We quantified all the libraries with Real-Time 163 

PCR using the Roche Light 480 II Cycler with the KAPA Library Quantification Kit for 164 

Illumina Sequencing Platforms (Kapa Biosystems, Wilmington, NC, USA). Except for 165 

Gracilariopsis tenuifrons, Gracilaria vermiculophylla and M. intermedia, all the 166 

prepared DNA libraries were diluted in ddH2

 177 

O to a final concentration of 2 nM and 167 

pooled together. We sequenced the pool using Illumina HiSeq 2500 at the Human 168 

Genome and Stem Cell Research Center (HUG-CELL) at the University of São Paulo 169 

(IB-USP, São Paulo, Brazil). We implemented the Rapid Run mode using the HiSeq 170 

Rapid PE Cluster v2 and HiSeq Rapid SBS (500 cycles) kits to generate read lengths of 171 

250 base pairs (bp). Gracilariopsis tenuifrons was sequenced in a paired-end mode 172 

using 200 cycles on an Illumina HiScanSQ at the Laboratório Multiusuários 173 

Centralizado (ESALQ-USP, Piracicaba, Brazil) to generate reads of 100 bp length. 174 

Gracilaria vermiculophylla and Melanthalia intermedia were sequenced in a paired-end 175 

mode using 300 cycles on an Illumina NextSeq 550. 176 

Genome assembly and annotation– Raw Illumina read quality was analyzed in the 178 

FastQC program (Andrews 2011). We used Trimmomatic v0.036 (Bolger et al. 2014) to 179 

clean and trim low-quality reads and bases. We normalized the raw reads to 100x 180 

coverage using BBnorm (Bushnell 2014) for the DNA libraries with exceptionally high 181 

coverage. We assembled the genomes with SPAdes (Nurk et al. 2013) setting different 182 

k-mer sizes (i.e., 22, 33, 55, 77, 99, and 127). Mitochondrial and chloroplast assembled 183 

contigs were identified using BLASTn (Altschul et al. 1990) searches against a custom-184 

built database containing published organellar genomes from Gracilariaceae. These 185 

contigs were imported to Geneious 9.1.8 (Biomatters) and original reads were mapped 186 

using Bowtie 2 (Langmead and Salzberg 2012) to confirm the assembly. Circularity was 187 

verified by changing the start and end position and remapping the original reads to the 188 

assemblies. For Gracilariopsis tenuifrons, we could not complete the circular genome 189 

and we used MyCC (Lin and Liao 2016) to identify mitochondrial and chloroplast 190 

contigs. Both mitochondrial and chloroplast genomes were annotated using MFannot 191 

(http://megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotInterface.pl) to find coding 192 

sequences (CDS) and ARAGORN (http://130.235.46.10/ARAGORN/) and RNAweasel 193 

(http://megasun.bch.umontreal.ca/cgi-bin/RNAweasel/RNAweaselInterface.pl) to find 194 

RNA and intron sequences. Large and Small ribosomal RNA were checked using the 195 
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SILVA rRNA database (Quast et al. 2013). We also performed manual inspections and 196 

corrections looking for open-reading frames (ORFs) using the ORF finder plugin 197 

available in Geneious 9.1.8. Doubtful ORFs were verified using BLASTx. We 198 

reannotated the organellar genomes obtained from GenBank when genes were missing 199 

or differed from the same organellar genomes from different species. Revised 200 

annotations of published genomes are found in Table S2 in the Supporting Information. 201 

We searched for plasmid sequences in the assembled contigs from all sequenced 202 

species using BLASTn (-task blastn) against published Rhodophyta plasmids (Table S3 203 

in the Supporting Information). Resulting contigs from BLASTn were imported to 204 

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

assembly. Circularity was verified by changing the start and end position and remapping 206 

to the original reads. ORFs were identified using the ORF finder plugin and verified 207 

using BLASTx on the web. We also compared all homologous plasmid genes of known 208 

Gracilariaceae plasmids. The homologous freestanding ORFs were classified in 209 

different categories called FSO (Table 1). 210 

We searched for PDS in all complete organellar genomes, including the genomes 211 

downloaded from Genbank, using 10 published red algae plasmids available in 212 

Genbank (Table S3). The PDSs were searched using tBLASTx with 52 plasmid CDS 213 

queries against our database of Gracilariaceae organellar genomes. We also used 214 

BLASTn with complete plasmid sequences against genomes database (-task blastn). For 215 

both searches, we considered only hits with e-value less than 1.0e-20

 217 

. 216 

Phylogenetic and genomic analyses– For each organelle, we constructed a 218 

concatenated sequence matrix using amino acid (aa) data. Both matrices were 219 

assembled using CDS that were present in at least four species. We used 25 CDS for the 220 

mitochondrial matrix and 196 CDS for the chloroplast matrix (Table S4 in the 221 

Supporting Information). The matrices were constructed using genes from either 222 

mitochondrial or chloroplast genomes from Gracilariaceae available in GenBank plus 223 

the species newly sequenced in this study (Table 2). In total, our mitochondrial and 224 

chloroplast matrices included 19 and 15 samples, respectively. For all phylogenetic 225 

reconstructions, we used Chondrus crispus, Gelidium elegans, Gracilaria vagum and 226 

Rhodymenia pseudopalmata as outgroups (Leblanc et al. 1995, Janouškovec et al. 2013, 227 

Kim et al. 2014, Yang et al. 2014, 2015, Lee et al. 2016a, Lee et al. 2016b). The aa 228 

matrices were aligned using MAFFT version 7 (Katoh and Standley 2013) as 229 
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implemented in Geneious 9.1.8. We performed Maximum likelihood (ML)  analyses 230 

using IQ-TREE 1.5.4 (Nguyen et al. 2015) with 1,000 replicates of ultrafast bootstrap 231 

(Minh et al. 2013). We performed partitioned analyses (Chernomor et al. 2016) using 232 

PartitionFinder (Lanfear et al. 2012) available in IQ-TREE 1.5.4 (-m TESTMERGE) to 233 

select a model for each gene for the aa matrix. 234 

We standardized the start position of all linear genomes to assess synteny. 235 

Mitochondrial genomes were linearized at the Asparagine tRNA gene (trnN); 236 

chloroplast genomes were linearized at the small subunit ribosomal RNA gene (rrs). 237 

The start positions were chosen because they are the beginning of large conserved 238 

regions in the genomes. Both organellar genomes were aligned using a progressive 239 

Mauve algorithm (Darling et al. 2010) in Geneious 9.1.8 applying the full alignment 240 

option, automatically calculated seed weights and automatically calculated minimum 241 

locally collinear blocks (LCB) to score and compare genetic synteny between species 242 

within genomes. 243 

We searched for leuC and leuD genes in the assembled contigs in all samples 244 

sequenced. We used as our query the Gracilaria tenuistipitata and Gracilaria chilensis 245 

chloroplast-encoded genes and Chondrus crispus nuclear-encoded genes (leuC = 246 

XP_005715507; leuD = XP_005718118). Other leuC and leuD sequences were obtained 247 

from GenBank using closest homologs from BLASTp searches upon excluding samples 248 

from environment samples and multispecies, which usually are not well identified. 249 

Protein sequences were aligned using MAFFT version 7 as implemented in Geneious 250 

9.1.8. Maximum likelihood inferences were completed in IQ-TREE 1.5.4 using ‘-m 251 

TEST’ parameter to choose the best model with ProtTest and 1,000 replicates of 252 

ultrafast bootstrap. 253 

 254 

RESULTS 255 

Sequencing and assembly– All samples sequenced using the Illumina HiSeq 2500 256 

had extraordinarily high coverage (>5,000x) of both organellar genomes. Because 257 

excessive coverage can affect assembly quality (Lonardi et al. 2015), read coverage was 258 

normalized to 100x prior to assembly. Gracilariopsis tenuifrons, in contrast, had an 259 

acceptable, but low coverage assembly (20.81 on average for the mitochondrial and 260 

43.62 on average for the chloroplast genome). Thus, it was not possible to determine 261 

complete organellar chromosomes for this species (Table S1). 262 
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We completed the assembly and annotations of both organellar genomes without 263 

gaps for Gracilaria caudata, G. ferox, G. gracilis, G. rangiferina, G. vermiculophylla, 264 

Gracilariopsis longissima, Gp. mclachlanii and Melanthalia intermedia. For Gracilaria 265 

tenuistipitata, we completed only the mitochondrial genome because the chloroplast 266 

genome had been previous published for the same strain (Hagopian et al. 2004). For 267 

Gracilariopsis tenuifrons, we extracted 19 mitochondrial genes (Genbank accession 268 

number MH396176- MH396194) and 147 chloroplast genes (Genbank accession 269 

number MH396029-MH396175) from 6 mitochondrial and 56 to chloroplast contigs 270 

respectively. 271 

Genome structure– All general characteristics of the organellar genomes of 272 

Gracilariaceae species are described in Table 2. The nine complete mitochondrial 273 

genomes we sequenced were similar in GC content and length. GC content was 28.1% 274 

on average (min = 25.4% in Gracilaria rangiferina, max = 29.2% in Gracilaria 275 

gracilis); length was 26,006 bp on average. Gracilaria gracilis had the shortest (25,865 276 

bp) and Gracilariopsis longissima had the longest genome (26,744 bp). Mitochondrial 277 

genomes were also similar in gene content (Table 2), comprising 25 protein-coding 278 

genes, three rRNAs (rrl , rrs, rrn5) and 24 tRNAs. The exceptions were Gracilariopsis 279 

longissima, G. chorda and G. lemaneiformis with 26 protein-coding genes and 280 

Gracilaria ferox with 23 tRNAs and Melanthalia intermedia with 20 tRNAs. (Tables 2, 281 

S5 in the Supporting Information). All mitochondrial genomes had a Group II intron 282 

(ranging from 416 bp in Gracilaria rangiferina to 499 bp in Gracilaria chilensis) in the 283 

trnI tRNA gene. 284 

All Gracilaria and Gracilariopsis complete chloroplast genomes sequenced in 285 

this study were also similar in GC content and length. However, M. intermedia 286 

chloroplast genome is larger and had higher GC content (Table 2). GC content was 287 

28.8% on average (min = 27.3% in Gracilaria longissima, max = 31.8% in M. 288 

intermedia); the length was 186.048 bp on average. Gracilaria rangiferina had the 289 

shortest (178,841 bp) and M. intermedia the longest genome (218,416 bp). Chloroplast 290 

genomes of Gracilaria and Gracilariopsis species were also similar in gene content 291 

comprising 203 to 207 protein genes, while the M. intermedia chloroplast had 224 292 

protein genes. All chloroplast genomes had three rRNA (rrl , rrs, rrn5), 30 tRNA, one 293 

tmRNA and one npDNA (rnpB; Table 2, Table S6 in the Supporting Information). All 294 

chloroplast genomes possessed a Group II intron in the trnMe tRNA gene (ranging from 295 

1,998 bp in Gracilariopsis longissima to 2,111 bp in Gracilariopsis lemaneiformis). 296 
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Plasmids– From the assembled contig data, we found three circular plasmid 297 

sequences, one in Gracilaria ferox (Gfe3115) and two in Gracilaria vermiculophylla 298 

(Gve4548 and Gve7464; Fig. 1, Table S3). The Gfe3115 plasmid was 3,115 bp (82x 299 

average coverage with normalized reads to 100x) and contained four ORFs: FSO1, 300 

FSO2, FSO3 and ORF1, of which ORF1 had no similarity to other sequences in 301 

GenBank. The Gve4548 plasmid was 4,548 bp (157.7x average coverage) and had 302 

FSO1, FSO5, FSO6, FSO7and FSO8 homologous ORFs, which presented similarity in 303 

sequence and synteny with the Gracilariopsis lemaneiformis plasmid Gle4293 (Fig. 1). 304 

The Gve7464 plasmid was 7,464 bp (154.2x average coverage) with six ORFs including 305 

leuC and leuD genes, FSO1, FSO2, FSO4 and ORF2, of which ORF2 had no similarity 306 

to other sequences in GenBank. 307 

Phylogeny– Mitochondrial and chloroplast ML trees were largely congruent (Figs. 308 

2A, 3A). When only species for which both chloroplast and mitochondrial genomes are 309 

available are used for phylogenomic analyses, chloroplast and mitochondrial trees are 310 

identical (data not shown). Gracilariaceae is monophyletic, M. intermedia is sister to a 311 

monophyletic clade containing both monophyletic genera Gracilaria and 312 

Gracilariopsis. Comparing the trees of both organellar genomes, the mitochondrial tree 313 

presented lower support in some nodes, including the position of Gracilaria rangiferina 314 

as a sister taxon to the other Gracilaria species in the tree (83%), G. vermiculophylla 315 

grouped with the G. tenuistipitata/G. chilensis clade (81%), G. ferox grouped with G. 316 

salicornia (84%), and Gracilariopsis mclachlanii grouped with the Gracilariopsis 317 

lemaneiformis/Gp. chorda clade (81%). On the other hand, the chloroplast tree had full 318 

support for all those nodes. We used these ML trees as references for inferring the 319 

evolution of Gracilariaceae organellar genomes.  320 

Genomic comparison and plasmid-derived sequences of mitochondria– 321 

Mitochondrial genomes are highly conserved especially in two main regions. The first 322 

one between trnN and cob genes (blue locally collinear blocks [LCB] in Fig. 2A) and 323 

the other between trnL and trnA genes (purple LCB in Fig. 2A). Regions that were 324 

specific for each genome were generally caused by PDS insertion. We investigated the 325 

occurrence of PDS in the newly genomes and in the previously published genomes. 326 

These insertions occurred mainly in two regions of the genome where the transcription 327 

direction changes (black line boxes in Fig. 2A). 328 

All  PDS insertions found in the mitochondrial genomes (Fig. 2, B and C) were 329 

similar (e-value between 1.0e-24 to 1.0e-46) to the plasmids previously described for 330 
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Gracilaria robusta (Goff and Coleman 1988), identified as Gro4059 (Fig. 1; Table S3). 331 

Gracilariopsis andersonii had the largest mitochondrial genome (Table 2) due to the 332 

~2,000 bp PDS insertion between the genes trnH and trnL. Gracilariopsis longissima 333 

had a PDS located between cob and trnH (Fig. 2B). In Gp. longissima one of the 334 

plasmid-derived CDS is homologous to FSO9 (Fig. 2B; Table 1) that is also found in G. 335 

robusta Gro4059 plasmid (Fig. 1). This gene was the only plasmid-derived CDS found 336 

in the mitochondrial genomes. The other region where PDSs were found was between 337 

trnA and trnN genes (Fig. 2C). We did not find PDS insertions in the mitochondrial 338 

genomes of Gracilaria vermiculphylla from Asia, G. changii, G. ferox, G. salicornia 339 

from Hawaii, Gracilariophila oryzoides, and M. intermedia. All the PDS indels 340 

occurred between tRNA genes, with one exception (Gracilariopsis longissima PDS 341 

between cob and trnH; Fig. 2). 342 

The gene trnH is in different positions in Gracilaria and Gracilariopsis, and it is 343 

absent in M. intermedia (Fig. 2B). In Gracilariopsis, it is found between cob and trnL. 344 

In Gracilaria, it is found between trnG and sdhB. This gene is in the other strand in G. 345 

salicornia from Hawaii when compared to the other genomes (Fig. 2B). Gracilariopsis 346 

chorda and G. lemaneiformis had a hypothetical protein (HP) gene between trnG and 347 

sdhB (Fig. 2B) that did not match with any known gene in GenBank. The region 348 

between trnA and trnN is highly variable (Fig. 2, A and C). For example, Gracilaria 349 

rangiferina, G. caudata, and Gracilariopsis mclachlanii had an inversion in the region 350 

including the genes trnY, trnR and trnS (Fig. 2C). The trnY gene is translocated in 351 

Gracilaria vermiculophylla, G. chilensis and G. tenuistipitata (Fig. 2C). Gracilaria 352 

chilensis had a duplication of trnR and trnS genes close to an extra PDS insertion. 353 

Gracilaria salicornia from Hawaii, Gracilariopsis. lemaneiformis, Gracilariophila 354 

oryzoides, Gracilariopsis andersonii and M. intermedia missed the trnY, trnR, and trnS 355 

tRNA genes. Gracilaria vermiculophylla from Asia missed trnR and trnS tRNA genes 356 

while G. ferox missed trnY gene. It is interesting that G. salicornia from Hawaii had 357 

only 38 bp between trnA and trnN while G. salicornia from Malaysia had 682 bp which 358 

contained three tRNA genes and a PDS (Fig. 2C). Gracilaria vermiculophylla from the 359 

USA had 806 bp between trnA and trnN, which contain two tRNA genes, while G. 360 

vermiculophylla from Asia had 420 bp without tRNA genes. 361 

Genomic comparison and plasmid-derived sequences of chloroplast– As well as 362 

mitochondrial genomes of red algae, chloroplast genomes are very conserved in synteny 363 

and genome content, presenting three main conserved regions. The first one was 364 
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between rrs and cpeB genes (yellow LCB in Fig. 3A). The second was between nblA 365 

and dnaK (green LCB in Fig. 3A). The last one was between rpl3 and psbD (blue LCB 366 

in Fig. 3A). Species-specific features of chloroplast genomes are generally caused by 367 

PDS insertion (Fig. 3). They are mainly found between psbD and rrs genes. Despite the 368 

overall conservation, some differences were found. The gene petP was present only in 369 

Gracilariopsis and M. intermedia. Gracilaria salicornia, G. rangiferina, Gracilariopsis 370 

mclachlanii and M. intermedia missed ycf23, while Gracilaria caudata and G. gracilis 371 

had a putative pseudogene. Gracilaria chilensis and M. intermedia missed pbsA and G. 372 

firma had a small CDS, probably a pseudogene. Melanthalia intermedia had a 373 

pseudogene of pgmA. In the trnMe-intron, all Gracilariopsis, Gracilaria firma, and M. 374 

intermedia had a CDS (mat) while the other Gracilaria species had two CDSs (Table 375 

S6). 376 

Melanthalia intermedia had at least nine species-specific features (white spaces in 377 

LCBs in Fig. 3A). Two of them were larger and had ORFs homologous to plasmids 378 

which indicated that they are PDS insertions (orange line block in Fig. 3A). The first 379 

one is between ORF684 and ycf58 and had the leuC and leuD operon (yellow rectangle 380 

in Fig. 3A) and had also homologous to plasmid ORFs as FSO1, FSO4, FSO10 (Fig. S1 381 

in the Supporting Information, Table 1). The second one is between ompR and rrs and 382 

had two complete plasmid insertions (Fig. 3A, B) similar to Gle4293 and Gro4970 (Fig. 383 

1). Both complete plasmid insertions are flanked by the homologous FSO1 (Fig. 3B). 384 

Gracilaria rangiferina had a unique PDS insertion between dnaK and rpl3, which 385 

contains two genes homologous to FSO1 and FSO6 (orange line block in Fig. 3, Fig. 386 

S1, Table 1). Gracilaria chilensis and G. tenuistipitata had an insertion including 387 

leuC/leuD genes (yellow rectangle in Fig. 3A) between psdD and ompR genes. 388 

Gracilaria chilensis PDS had two small ORFs similar to FSO1 and FSO8 between psdD 389 

gene and the bacterial plasmid insertion leuD (Fig. S1). Gracilaria tenuistipitata PDS 390 

had two small ORFs matched FSO1 between ompR and rrs genes (Fig. S1). Gracilaria 391 

caudata had a PDS insertion with three CDSs between psbD and ompR genes similar to 392 

FSO4, FSO11, FSO1, and an ORF with no similarity found in GenBank (orf142). 393 

Gracilaria firma had a unique, large PDS insertion region with about 7,000 bp and 11 394 

ORFs. In this large PDS, we found a complete plasmid insertion similar to the Gle4293 395 

plasmid (Fig. 3A, C). This species also had another PDS with two small ORFs 396 

homologous to FSO4 between ompR and rrs genes (Fig. S1). Gracilaria gracilis had a 397 

small PDS insertion between rpl11 and moeB genes without ORFs. Gracilaria ferox 398 
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had a PDS insertion between psbD and ompR genes without ORFs. Gracilaria 399 

salicornia also had a PDS insertion between psbD and ompR and had a gene 400 

homologous to FSO1 (Fig. S1). Gracilariopsis mclachlanii had a larger PDS insertion 401 

ca 5,000 bp with fragments of five CDSs similar to FSO1, FSO8, FSO7, FSO6 and 402 

FSO1 between ompR and rrs (Fig. S1). Gracilariopsis lemaneiformis and Gp. chorda 403 

had a PDS insertion between ompR and rrs. In Gp. lemaneiformis, the PDS had four 404 

small CDS homologous to FSO7, FSO6, and FSO1 (Fig. S1) and there is no ORFs in 405 

PDS insertion in Gp. chorda. We did not find any PDS insertions in the Gp. longissima 406 

and G. vermiculophylla chloroplast genome. 407 

leuC/leuD operon– As we found the leuC/leuD genes in the chloroplast genomes 408 

of Melanthalia intermedia, Gracilaria tenuistipitata, G. chilensis (Fig. S1), and in G. 409 

vermiculophylla plasmid Gve7464 (Fig. 1), we searched for homologous genes in all 410 

assembled contigs of the other species. We found leuC/leuD encoded in nuclear contigs 411 

in all species except for G. chilensis, G. tenuistipitata, and G. vermiculophylla, while in 412 

M. intermedia we found only pseudogenes. These species are exactly the species that 413 

present these genes in the chloroplast or plasmid. The M. intermedia leuD nucleus 414 

encoded gene was so divergent that we could not align it in the matrix used to 415 

reconstruct the phylogeny. ML phylogenies inferred from each of those two genes are 416 

not congruent (Figs S2, S3 in the Supporting Information). In leuC ML phylogeny, all 417 

genes encoded in chloroplast and plasmids (G. vermiculophylla) grouped with 418 

Proteobacteria clade (Fig. S2). However, in leuD ML phylogeny, those genes grouped 419 

with one proteobacteria (Xenorhabdus budapestensis), while all other proteobacteria 420 

formed a separate, non-related clade (Fig. S3). All leuC/leuD nucleus-encoded genes 421 

grouped in a clade with Viridiplantae. The only exception was the unicellular red algae 422 

Cyanidioschyzon merolae, which was placed as sister of the clade that comprises 423 

cyanobacteria and Viridiplantae. Gracilariaceae nucleus-encoded genes grouped with 424 

other Rhodophyta taxa, which also have these genes in the nuclear genome. 425 

 426 

DISCUSSION 427 

Organellar phylogenomics of Gracilariaceae–We completed mitochondrial and 428 

chloroplast genomes of nine species of Gracilariaceae. Although we could not obtain a 429 

circularized organellar genome of Gp. tenuifrons, we obtained most of the genes to 430 

reliably infer the phylogeny (Tables S5, S6). Our phylogenies are the first using larger 431 

gene content matrices (25 genes for the mitochondrial and 196 genes for the 432 
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chloroplast) for Gracilariaceae and had very high bootstrap support. Phylogenetic 433 

analysis of mitochondria and chloroplast genes showed similar topology. However, the 434 

chloroplast phylogeny was better resolved (full support in all nodes; Figs. 2A, 3A). 435 

Chloroplast genomes have been well established as a promising resource to resolve red 436 

algal phylogenies, due to its highly conserved nature and adequate phylogenetic signal 437 

(Janouškovec et al. 2013, Costa et al. 2016, Lee et al. 2016a). 438 

Although our taxonomic sampling was not extensive (19 species for 439 

mitochondrial and 15 species for chloroplast), our sampling represents the main clades 440 

of Gracilariaceae (Gurgel and Fredericq 2004, Lyra et al. 2015). Along these lines, 441 

generic circumscription within Gracilariaceae has been controversial, especially 442 

whether Hydropuntia is distinct from Gracilaria (Bellorin et al. 2002, Gurgel and 443 

Fredericq 2004, Lyra et al. 2015). Furthermore, a yet unnamed genus proposed for the 444 

clade represented by Gracilaria chilensis, G. tenuistipitata, and G. vermiculophylla has 445 

also been suggested (Gurgel and Fredericq 2004, Lyra et al. 2015). The largest and most 446 

well resolved phylogeny of Gracilariaceae reduced Hydropuntia and the unnamed genus 447 

to Gracilaria, forming a monophyletic genus, based on three molecular markers (rbcL, 448 

UPA, and COI-5P; Lyra et al. 2015). Previous members of Hydropundia, including 449 

Gracilaria rangiferina, G. caudata, G. changii, and G. firma (Abbott et al. 1991, Gurgel 450 

and Fredericq 2004, Lyra et al. 2015, Ng et al. 2017) did not form a monophyletic clade 451 

in any of our topologies (Figs. 2A, 3A), which corroborates previous findings (Lyra et 452 

al. 2015). On the other hand, Gracilaria chilensis, G. tenuistipitata, and G. 453 

vermiculophylla form a monophyletic group, but within Gracilaria (sensu Lyra et al. 454 

2015). Thus, the transfer of these three species to a new genus would render Gracilaria 455 

non-monophyletic. Furthermore, our analyses show the genera Gracilaria and 456 

Gracilariopsis are monophyletic, with full support. In addition, the monophyly of the 457 

latter two genera is supported by the loss of the plastid gene petP (in Gracilaria) and the 458 

position of the gene trnH in the mitochondrial genome (Fig. 2B). In Gracilaria, this 459 

gene is between trnG and sdhB and in Gracilariopsis this gene is between cob and trnL 460 

genes. 461 

 462 

Genome architecture and the influence of plasmids in the evolution of 463 

mitochondrial genomes in Gracilariaceae–Our newly sequenced genomes are 464 

consistent with those known for Gracilariaceae and other Florideophyceae. Together, 465 

they demonstrate a conserved gene content and synteny among these groups (Figs. 2A, 466 
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3A, Tables S5, S6; Campbell et al. 2014, Yang et al. 2015, Lee et al. 2016a). The 18 467 

complete mitochondrial genomes (six for Gracilariopsis; 11 for Gracilaria and one for 468 

Melanthalia) are highly conserved except in two regions that include variations in 469 

tRNA genes and inserted PDS (Fig. 2A, boxes B and C). There is a rearrangement of 470 

trnH between Gracilariopsis and Gracilaria (Fig. 1B) that was previously reported by 471 

Lee et al. (2015); this gene is otherwise absent in M. intermedia. However, this 472 

rearrangement occurred several times in Florideophyceae (Yang et al. 2015). The locus 473 

with trnL+nad6+trnG genes (Fig. 2B) is highly conserved in Florideophyceae, except in 474 

Hildenbrandiophycidae, and it is located between two highly divergent loci (Yang et al. 475 

2015). The region between trnA and trnN (Fig. 2C) is also highly variable in terms of 476 

tRNA content in Florideophyceae, except in Nemaliophycidae and 477 

Hildenbrandiophycidae (Yang et al. 2015). This variation does not characterize different 478 

clades in the phylogenies of these groups (Yang et al. 2015), and can also be observed 479 

within species, as in Gracilaria salicornia and G. vermiculophylla (Fig. 2C). This loci 480 

in the mitochondrial genome can be highly variable and could thus be an interesting tool 481 

for population genetics, biogeographic and phylogeographic studies (Song et al. 2016). 482 

For example, the mitochondrial genomes of Gracilaria salicornia specimens from 483 

Hawaii and Malaysia have 96.9% nucleotides identity. However, if the 682 bp sequence 484 

between trnA and trnN—which include three tRNA genes and two PDSs (Fig. 2C)—485 

from the Malaysian specimen is excluded, the identity is 99.4%. Gracilaria salicornia is 486 

an invasive species in Hawaii, and its type locality is in the Philippines (Fig. 2, B and 487 

C).  488 

The hotspots of PDS insertions in mitochondrial genomes are exactly where the 489 

origin and terminus of replication may occur, where strand direction changes (Fig. 2). 490 

These PDSs were previously reported in Gracilaria chilensis, Gracilariopsis chorda 491 

and Gracilariopsis lemaneiformis (Zhang et al. 2012, Yang et al. 2014, Lee et al. 2015). 492 

Moreover, all the PDS insertions found in mitochondria were similar to Gracilaria 493 

robusta plasmid Gro4059 (Fig. 1), which suggests that similar plasmids could have 494 

been inserted in the mitochondria. Gracilariopsis longissima is the only species in 495 

which a plasmid homologous ORF (FSO9) was found in the mitochondrial genome 496 

(Fig. 2B). The intron in the trnI gene was found in all sequenced mitochondrial 497 

genomes of Florideophyceae (Table S2), suggesting that this intron was gained in the 498 

florideophycean ancestor (Yang et al. 2015). 499 
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Genome architecture and the influence of plasmids in the evolution of chloroplast 500 

genomes in Gracilariaceae– To infer chloroplast genome evolution in Gracilariaceae, 501 

we compared gene synteny from 14 complete genomes available (Fig. 3), four 502 

Gracilariopsis, nine Gracilaria and one Melanthalia. As it was observed for the 503 

mitochondrial genomes, chloroplast genome organization is highly similar, except for 504 

regions with PDS insertions (Fig. 3). PDS insertions are common in Rhodophyta (Lee et 505 

al. 2016b) and were found in almost all Gracilariaceae chloroplasts except in Gracilaria 506 

vermiculophylla and Gracilariopsis longissima (Fig. 3A). Most PDS insertions have 507 

ORFs, which are homologous to ORFs found in previously published plasmids (Table 508 

1) and they are positioned between the psdD-ompR-rrs locus (Fig. 3A). This region is 509 

the hotspot for plasmid insertion in chloroplast genomes in Gracilariaceae (Lee et al. 510 

2016b, Ng et al. 2017), but the correlation with the origin and terminus of replication is 511 

not as clear as in the mitochondrial genome. 512 

Melanthalia intermedia possesses two whole plasmid insertions similar in 513 

homologous ORFs and synteny to the Gle4293 and Gro4970 plasmids in the chloroplast 514 

genomes (Fig. 3B); Gracilaria firma possesses a whole plasmid insertion similar to the 515 

Gle4293 plasmid (Fig. 3C; Ng et al. 2017). The fact that all these insertions are flanked 516 

by FSO1 (Fig. 3, B and C), which is a protein belonging to the family DUF1368 with 517 

unknown function and specific to red algae (Lee et al. 2016b, Ng et al. 2017), could 518 

means that this homologous gene may be associated with the mobility of the complete 519 

plasmid or plasmid regions. FSO1 is the most common and widespread gene found in 520 

plasmids and chloroplast genomes of red algae (Lee et al. 2016b); the origin of this 521 

plasmid-derived gene is unknown (Lee et al. 2016b). The presence of red algal plasmid 522 

regions in the organellar genome has been reported in Rhodophyta with or without the 523 

co-occurrence of extrachromosomal plasmids (Ng et al. 2017). We found 524 

extrachromosomal circular plasmids in Gracilaria ferox and Gracilaria 525 

vermiculophylla. The plasmid in G. ferox has FSO1, FSO2, FSO3 and an ORF with no 526 

similarity in GenBank protein database (Fig. 1). The PDS insertion in the chloroplast of 527 

G. ferox had three degenerated ORFs that are different from the plasmid: FSO5, FSO8, 528 

and FSO6, which are ORFs found in the Gle4293 plasmid. In G. vermiculophylla, there 529 

is no plasmid derived ORFs in organellar genomes. The Gve4548 plasmid shares a 530 

strong similarity in ORF content and synteny with Gle4293 (Fig. 1), which seems to be 531 

the most common plasmid type found in Gracilariaceae. 532 
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The other plasmid of G. vermiculophylla, Gve7464, contains two genes of the 533 

proteobacterial operons related to leucine biosynthesis leuC and leuD genes (Fig. 1) and 534 

this is the first record of these genes in a eukaryotic plasmid. The confirmation that this 535 

plasmid is not a bacterial plasmid contaminant is that it contains Rhodophyta exclusive 536 

plasmid ORFs: FSO1, FSO2, and FSO4 (Fig. 1, Table 1). Three other species have 537 

leuC/leuD genes in their chloroplast genome: Gracilaria tenuistipitata var. liui , G. 538 

chilensis and Melanthalia intermedia (Hagopian et al. 2004, Janouškovec et al. 2013, 539 

Lee et al. 2016b). This operon is potentially functional and it was probably originated 540 

from horizontal gene transfers involving protobacterial donors (Janouškovec et al. 541 

2013). The ML phylogenies of leuC and leuD (Figs. S2, S3) using encoded-542 

chloroplast/plasmid genes and nucleus-encoded genes clearly show that there are two 543 

origins for those genes in Rhodophyta. It is interesting that the species that have 544 

chloroplast/plasmid-encoded genes do not seem to have a functional nucleus-encoded 545 

gene. Melanthalia intermedia had pseudogenes. The fact that there are more copies of 546 

chloroplast and plasmid genomes than nucleus genomes may lead to a prevalence of the 547 

chloroplast/plasmid-encoded genes in these species and the nucleus-encoded genes may 548 

be lost in the nuclear genome. 549 

The origin and function of most red algae plasmid genes are unknown and 550 

difficult to determine, because, so far, the only match observed for those genes is with 551 

organellar genomes and plasmids (Lee et al. 2016b). Beside this, the copy number and 552 

the position of the homologous plasmid-derived ORFs in the organellar genomes are 553 

inconsistent in Rhodophyta phylogenies (Lee et al. 2016b, Ng et al. 2017). It is possible 554 

that the plasmids may have been integrated into the organellar genomes randomly 555 

during the evolutionary history of the organisms and this incorporation into the 556 

maternally inherited organelles may have rendered their fixation in a population (Lee et 557 

al. 2016b, Ng et al. 2017). However, most plasmid-derived genes in organellar genomes 558 

seem to be pseudogenes because they used to be smaller and highly divergent compared 559 

with the genes in the plasmids. Therefore, apparently, the plasmid genes lost their 560 

function subsequent to being inserted in the organellar genomes. The only exception is 561 

the leuC and leuD genes, which seem to be functional. Plasmids are analogous to 562 

transposable elements with regards to mobility and can contribute to the gain or loss of 563 

genes in the genomes (Lee et al. 2016b, Ng et al. 2017). It is not possible to know 564 

whether these genes were inserted in the chloroplast genome from a Rhodophyta 565 
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plasmid or if the plasmid that contained these genes was disintegrated from the 566 

chloroplast genome.  567 

Genomic architecture is useful to understand the nature and source of change that 568 

occurred during the evolution of organisms. Organellar genomes are mostly highly 569 

conserved in Rhodophyta, but also have variable regions originated by plasmid 570 

horizontal gene transfer, which can be useful for comparisons at species or population 571 

levels. Plasmids have been recognized as mobile elements, but their origin and detailed 572 

process of horizontal gene transfer into organellar genomes of red algae remain unclear 573 

(Lee et. al. 2016b). Moreover, Gracilariaceae is a good model group for studying the 574 

impact of PDS in genome evolution due to the significant presence of these sequences 575 

in organellar genomes. 576 
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 726 

 727 

LEGENDS 728 

Fig. 1 – Linear schematic representation of circular Gracilariaceae plasmids. Plasmids 729 

with bold names were sequenced in this study, others were obtained from GenBank 730 

(accession numbers showed in Table S3). Light grey arrows are ORFs. Black arrows are 731 

repeated regions. Regions identified as ‘Repeat 1, 2 and 3’ are entirely repeated 732 

sequences in different positions of the genome. Regions identified as ‘Repeat region’ 733 

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

Fig. 2 – Mitochondrial genome phylogeny and genomic comparison of Gracilariaceae. 735 

A. Left, maximum likelihood phylogenetic tree based on an amino acid matrix with 25 736 

coding genes sequences. Right, mitochondrial progressive MAUVE alignment. Each 737 

linear genome corresponds to the name in the phylogenetic tree. There is no assembled 738 

genome of Gracilariopsis tenuifrons in the MAUVE alignment. Horizontal axis above 739 

refers to genome length in base pairs (bp). Synteny between genomes is represented by 740 

Locally Collinear Blocks (LCB). LCB above the line is the forward strand; below the 741 

line is the reverse strand. The same color line of LCB along the alignment indicate 742 

similarity region among the genomes. Gene maps are shown below the LCBs, protein 743 

coding genes in white, rRNA genes in red, tRNA genes in dark green and intron in light 744 

green. Position of boxes above (forward) and below (reverse) line also refers to gene 745 

orientation. B and C. Loci marked in black line in A in detail. Protein coding genes are 746 
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represented in arrow box in yellow, plasmid-derived sequence in grey, and each trn is 747 

marked in different colors. Arrow boxes do not represent gene length and the scheme 748 

represents only the synteny and not alignment. 749 

Fig. 3 – Chloroplast genome phylogeny and genomic comparison of Gracilariaceae. A. 750 

Left, maximum likelihood phylogenetic tree based on an amino acid matrix with 196 751 

coding genes sequences. Right, mitochondrial progressive MAUVE alignment. Each 752 

linear genome corresponds to the name in the phylogenetic tree. There is no assembled 753 

genome of Gracilariopsis tenuifrons in the MAUVE alignment. Horizontal axis above 754 

refers to genome length in base pair (bp). Synteny between genomes is represented by 755 

Locally Collinear Blocks (LCB). LCB above the line is the forward strand, below the 756 

line is the reverse strand. The same color line of LCB along the alignment indicate 757 

similarity region among the genomes. Gene maps are shown below the LCBs, protein 758 

coding genes in white, rRNA genes in red, tRNA genes in black, intron in light green 759 

and leuC/leuD operon in yellow (showed in Melanthalia sp., Gracilaria chilensis, and 760 

Gracilaria tenuistipitata). Position of boxes above (forward) and below (reverse) line 761 

also refers to gene orientation. Continuous orange line boxes represent plasmid-derived 762 

sequences. Red arrows indicate plasmid-insertion similar to the Gle4293 plasmid. Green 763 

arrows indicate plasmid-insertion similar to the Gro4970 plasmid. B and C. Loci with 764 

plasmid-insertions marked in A in detail. Protein coding genes are represented in arrow 765 

box in yellow, including plasmids derived ORFs (FSO). 766 

Fig. S1 – Gene synteny of the plasmid-derived sequence regions found in chloroplast 767 

genomes. These regions are identified in orange line box in Figure 3A. 768 

Fig. S2 –  Maximum likelihood phylogeny of leuC. Numbers at nodes indicate bootstrap 769 

replicates. Bootstrap support values are shown only above 50%. 770 

Fig. S3 – Maximum likelihood phylogeny of leuD. Numbers at nodes indicate bootstrap 771 

replicates. Bootstrap support values are shown only above 50%. 772 

Table S1 – Genome sequencing statistics of species analyzed in this study. All specimen 773 

herbaria vouchers are deposited at SPF herbarium at University of São Paulo, São 774 

Paulo, Brazil. 775 

Table S2 – Notes about annotations done in published genomes in Genbank. “c” 776 

indicated reverse strand. 777 
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Table S3 – General information of plasmid sequences used in present study. 778 

Table S4 – List of Gracilariaceae protein-coding genes used in the ML tree search. 779 

Table S5 – Mitochondrial genes from species used in present study. Gene present is 780 

marked with colour and “+” or name. Gene absent is marked in white. Genes as 781 

generally arranged by different colour. Line indicated same locus. 782 

Table S6 - Chloroplast genes from species used in present study. Gene present is 783 

marked with color and “+” or name. Gene absent is marked in white. Genes as generally 784 

arranged by different color. Line indicated same locus, except to unique ORFs. Asterisk 785 

(*) indicated pseudogene. 786 
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Table 1 - 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 Gve4548 ORF1 519 

 Gracilariopsis lemaneiformis Gle4293 ORF2 495 

FSO6 Gracilaria vermiculophylla Gve4548 ORF3 600 

 Gracilariopsis lemaneiformis Gle4293 ORF5 564 

FSO7 Gracilaria vermiculophylla Gve4548 ORF4 687 

 Gracilariopsis lemaneiformis Gle4293 ORF4 543 

FSO8 Gracilaria vermiculophylla Gve4548 ORF5 804 

 Gracilariopsis lemaneiformis Gle4293 ORF3 789 

FSO9 Gracilaria robusta Gro4059 ORF1478 465 

FSO10 Gracilariopsis lemaneiformis 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 ORF9 213 

 Gracilaria chilensis Gch7220 ORF10 159 

 Gracilaria chilensis Gch7220 ORF16 330 

 Gracilariopsis lemaneiformis GL3 ORF1 381 
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Table 2 – General information of mitochondrial and chloroplast genomes of Gracilariaceae 

Table 2 – Continued. 

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 Lane 2016 

Gracilariopsis andersonii NC_014772.1 KX687878 27,011 28 25 3 21 - 1 Salomaki and Lane 2016 

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 3 24 - 1 This study 

Gracilariopsis tenuifrons - - ≥19,883 28.8 ≥19 ≥1 ≥14 - 1 This study 

Melanthalia intermedia - MH396025 25,348 29.3 25 3 20 - 1 This study 

Chloroplast 

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

Gracilaria caudata - MH396009 182,933 28.8 207 3 30 2 1 This study 

Gracilaria chilensis NC_029860.1 KT266788 185,637 29.3 205 3 30 2 1 Lee et al. 2016 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



 

This article is protected by copyright. All rights reserved 

 

Gracilaria ferox - MH396010 180,255 28.8 205 3 30 2 1 This study 

Gracilaria firma NC_033877.1 KX601051 187,001 28.1 216 3 30 2 1 Ng et al. 2017 

Gracilaria gracilis - MH396011 180,807 29.1 207 3 30 2 1 This study 

Gracilaria rangiferina - MH396012 178,841 27.7 203 3 30 2 1 This study 

Gracilaria salicornia NC_023785.1 KF861575 179,757 28.8 204 3 30 2 1 Campbell et al. 2014 

Gracilaria tenuistipitata var. liui NC_006137.1 AY673996 183,883 29.2 206 3 30 2 1 Hagopian et al. 2004 

Gracilaria vermiculophylla - MH396013 180,254 29.5 204 3 30 2 1 This study 

Gracilariopsis chorda NC_031149.1 KX284722 182,459 27.4 203 3 30 2 1 Lee et al. 2016 

Gracilariopsis lemaneiformis NC_029644.1 KU179794 182,505 27.4 208 3 30 2 1 Zhang et al. 2016 

Gracilariopsis longissima - MH396014 181,896 27.3 204 3 30 2 1 This study 

Gracilariopsis mclachlanii - MH396015 184,980 27.8 205 3 30 2 1 This study 

Gracilariopsis tenuifrons - - ≥144,929 28.4 ≥147 ≥0 ≥24 ≥1 1 This study 

Melanthalia intermedia - MH396016 218,416 31.8 224 3 30 2 1 This study 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



jpy_12765-17-215_f1.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



jpy_12765-17-215_f2.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



jpy_12765-17-215_f3.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t


