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Abstract:  18 

Whole genome sequencing datasets present opportunity to not only study evolution in the target 19 

organism, but also the associated holobiont. The capacity to study epi-endobiotic kelp 20 

associations is improving substantially with the increased availability of high-throughput 21 

sequencing datasets. The goal of this study was to determine if shotgun sequencing libraries 22 

could be used to document epi- and endophyte/faunal species colonising Alaria kelp sporophytes 23 

from Kamchatka (Russia), the Bay of Fundy (Atlantic Canada), and Nuuk (Greenland). 24 

Mitochondrial coxI and plastid rbcL reads were extracted and assembled from six Alaria whole 25 

genome sequencing datasets. In total, contigs representing 11 epi-endobiotic species were 26 

assembled, of which Chordariacean diversity dominated. Given the presence of a newly 27 

discovered phaeophycean coxI sequence lacking an rbcL counterpart, we secondarily tested our 28 

hypothesis that the coxI sequence belonged to a phaeophycean parasite. The entire read dataset 29 

was assembled for the Alaria specimen hosting the putative parasite, the mitochondrial genome 30 

was retrieved, and plastid scaffolds were annotated and screened for phylogenetic placement 31 

matching the coxI sequence. The mitochondrial genome of the candidate parasite displayed 32 

numerous atypical features, including duplicated genes and rearrangements, and clear signs of 33 

relaxed selection, in line with the notion this organism may have a deviant lifestyle. The plastid 34 

genome was recovered as several fragments and lacked genes for photosystem and cytochrome 35 

complexes and chlorophyll biosynthesis, confirming our hypothesis that the unknown 36 

phaeophycean represented a parasitic species. Furthermore, classification to order remained 37 

unclear for the phaeophycean parasite, suggesting this species could represent a newly 38 

discovered higher-level lineage. Our study showcases the utility of whole-genome sequencing 39 

datasets in revealing surprising aspects of the eukaryotic diversity inhabiting kelp holobionts. 40 

Keywords: Organelle genome, Ghost plastid, DNA barcode, holobiont, brown algae, epiphyte, 41 

endophyte 42 

Highlights:  43 

Utility of whole-genome data in characterizing eukaryotic component to kelp holobiont is 44 

showcased 45 

The second ever phaeophycean parasite is reported 46 
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Along with parasite, organellar genomes of host Alaria are presented 47 

Introduction 48 

Improvements in sequencing techniques have profoundly shifted the landscape of genetic 49 

analysis, opening new applications in environmental and taxonomic biology (Bella et al. 2013; 50 

Oliveira et al., 2018). In particular, the use of taxonomically widespread genes as DNA barcodes 51 

combined with high-throughput sequencing (HTS) has enabled parallel species detection in 52 

environmental samples, an approach known as metabarcoding. Alternatively, shotgun 53 

metagenomic sequencing, wherein all genomic information is sequenced (i.e. whole genome 54 

sequencing), can be used to detect all species present in complex samples without the use of 55 

taxon specific primers. Our perception of biodiversity from pelagic and benthic marine systems 56 

has been greatly improved as a result of these advances in sequencing (e.g. Leray and Knowlton 57 

2014; Verbruggen & Marcelino, 2016; Tragin & Vaulot, 2019), and vast genomic resources are 58 

forthcoming (Delmont et al., 2020). High-throughput metabarcoding approaches are therefore 59 

leading towards a more complete, or “holistic,” overview of species communities, with 60 

implications for ecological and evolutionary understanding. While the realm of “dark taxa” has 61 

largely been explored in fungi (Ryberg & Nilsson, 2018), it stands to reason the world of algae 62 

holds similar secrets. 63 

One such dark realm is likely the epi- and endophyte/faunal communities that inhabit 64 

kelp. Such associations are expected to be common and widespread, as kelps form globally 65 

distributed marine forests and are among the most biodiverse ecosystems of arctic and temperate 66 

coastal regions (Bringloe et al., 2020). Many filamentous brown algae of the order Ectocarpales 67 

are known to live as kelp epi-endophytes, with some species named on the basis of these 68 

associations (e.g. Pedersen, 2011). Faunal associations are similarly well-documented (e.g. 69 

Ronowicz et al., 2008). Species-level taxonomy of microbiota inhabiting kelps, however, is often 70 

complicated by rare species, taxonomically challenging groups, and poorly understood and/or 71 

cryptic diversity (Wlodarska-Kowalczuk et al., 2009), meaning the precise nature of algal and 72 

faunal kelp inhabitants has remained a difficult area of study. Modern DNA-sequencing methods 73 

promise to reveal significant insight into kelp epi-endophyte/faunal associations. Whole genome 74 

sequencing datasets, while typically used to provide information about the host genome, could 75 

also provide insights into associated microbial diversity. 76 
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Alaria is a widely distributed northern hemisphere genus of kelp, with most species 77 

occurring in the North Pacific, while A. esculenta (Linnaeus) Greville extends through the Arctic 78 

and into the Atlantic (Kraan, 2020). Alaria is cultivated for direct consumption and biomedical 79 

applications in the Atlantic, and is being developed for aquaculture practice in the Gulf of Alaska 80 

(Stekoll, 2019). Alaria esculenta is also among the Atlantic kelps forecasted to retreat 81 

northwards with colder waters as climate change progresses (Assis et al., 2018). Climate change 82 

is also predicted to impact the microbiome, and consequently overall health, in some species of 83 

kelp (Qiu et al., 2019). Less clear are the potential impacts of climate change on the kelp 84 

holobiont, which includes the host and all its associated micro- (e.g. viruses, archaea, bacteria, 85 

microalgae, protozoa) and macrobiota (e.g. fungi, metazoa, and seaweeds), partly because the 86 

focus of research has been on bacteria (van der Loos et al., 2019). Safeguarding Alaria, along 87 

with its ecological and economic value, requires a solid knowledge of functional diversity and 88 

capacity for adaptation, both for the host and associated holobiont. Shotgun metagenomic 89 

sequencing datasets are a critical asset towards this end. 90 

Our first objective was to determine if epi- and endobiotic species colonising Alaria kelp 91 

sporophytes could be documented by assembling DNA barcode markers obtained from shotgun 92 

sequencing libraries. In particular, we sought to assemble coxI and rbcL genes from our datasets 93 

given their widespread use in global DNA barcoding efforts (Hebert et al. 2003), the latter of 94 

which is additionally used for photosynthetic organisms (i.e. algae: Le Gall and Saunders 2010). 95 

Given the presence of a newly discovered  phaeophycean mitochondrial coxI contig lacking a 96 

plastid rbcL counterpart, we initiated a second objective of assembling both organellar genomes 97 

for this epi-endophytic species. We hypothesized the unknown phaeophycean represented a 98 

parasitic lineage; if true, we expected 1) to retrieve plastid genes not related to photosynthesis 99 

(e.g. ribosomal genes), whereas plastid genes related to photosynthesis should be absent (e.g. 100 

photosystem, electron transport, ATP synthases, chlorophyll biosynthesis); and 2) to detect 101 

signatures of relaxed selection in genes of the unknown phaeophycean, that is, higher rates of 102 

non-synonymous substitutions. 103 

Materials and Methods 104 

Barcodes assembly 105 
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Young tissue of Alaria was collected from Kamchatka (Russia), near Nuuk (Southwest 106 

Greenland), and the Bay of Fundy (Atlantic Canada; see supplemental material Table S1), and 107 

total genomic DNA was extracted using a modified CTAB protocol (Cremen et al., 2016). 108 

Extracted DNA was sent to GENEWIZ (Suzhou, China), where libraries were generated using 109 

the Illumina VAHTS Universal DNA Library prep kit and protocols, and sequenced on the 110 

NovaSeq System (paired-end, 150 bp reads, ~15-30 Gb of data/specimen). In total we sequenced 111 

one specimen of A. esculenta sensu lato (type crispa; Klochkova et al., 2018) (104 million 112 

paired-end reads), and five specimens of A. esculenta sensu stricto (41.5-130 million paired-end 113 

reads/specimen; Table S1). Epi-endophyte/faunal reads were extracted from raw read files in a 114 

multi-step process that first identified sequences corresponding to the DNA barcode markers 115 

coxI and rbcL, followed by filtering to exclude host reads (Alaria). First, a DNA barcode library 116 

was built based on Arctic marine organisms (Hardy et al. 2010), including Annelida, 117 

Arthropoda, Brachiopoda, Chaetognatha, Cnidaria, Echinodermata, Echiura, Mollusca, 118 

Nematoda, and Sipuncula. Bryozoa, Porifera and the algal phyla Rhodophyta and Ochrophyta 119 

were added to the library, while Chordata and Cephalopoda were excluded as we did not 120 

reasonably expect these taxa to colonise kelp. Publicly available DNA barcode data 121 

(mitochondrial cox1, and plastid rbcL) were retrieved from the Barcode of Life Data System 122 

(BOLD; Ratnasingham and Hebert, 2013) and GenBank. In total, the library consisted of 123 

approximately 36,000 unique species records. Bowtie2 v.2.3.4 (Langmead & Salzberg, 2012) 124 

was used to map reads to within 20% of the indexed species data (using custom parameters: --125 

local --score-min G,12,8 --al-gz). The mitochondrial and plastid genomes of the host Alaria 126 

samples were de novo assembled using NOVOPlasty v.3.7.2 using default settings (Dierckxsens 127 

et al., 2017; Table S1), which were used to filter/remove host reads from the epi-endophyte 128 

datasets (Bowtie2 custom parameters: --score-min L,-0.6,-0.12 --un-gz). The final epi-endophyte 129 

reads were assembled using default settings in Velvet v.1.2.10 (Zerbino & Birney 2008). 130 

Identifications were assigned to contigs based on BOLD and GenBank searches, and non-target 131 

contigs (e.g. bacterial, human) were discarded. Final contigs were trimmed to regions with a 132 

minimum of 2x coverage and 100% consensus, and average read coverage was noted. The 133 

obtained cox1 and rbcL sequences were linked to one another based on presence/absence 134 

patterns within Alaria samples (i.e. markers can be linked if retrieved from same individual of 135 

Alaria) and phylogenetic placement (i.e. consistent location in trees). Trees were built using 136 
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available GenBank data and RAxML v.8.2.11 (Stamatakis, 2014) with a GTR GAMMA 137 

substitution model and partitioning according to the three codon positions. 138 

Prediction testing 139 

Given the presence of a newly discovered phaeophycean cox1 contig, we attempted to assemble 140 

its organellar genomes by assembling reads from the host sample (TTB000062 from Greenland; 141 

Table S1) using SPAdes v.3.13.0 with specified k-mer values of 21, 33, 55, 77, 99, and 109 142 

(Nurk et al., 2013). The final assembly scaffolds are available via Figshare 143 

(https://doi.org/10.6084/m9.figshare.13140464), while the short reads can be assessed via the 144 

NCBI Short Read Archive (accession SAMN16729885). Scaffolds identified as the 145 

mitochondrial genome of the unknown phaeophycean were annotated using MFannot (Beck & 146 

Lang, 2010) and oriented by aligning with previously published brown algal mitochondrial 147 

genomes (Table S2). A phylogenetic tree at the amino acid level was built from mitochondrial 148 

genomes available on GenBank and the Sequence Read Archive using RAxML v.8.2.11 149 

(Stamatakis, 2014) and a GTR GAMMA substitution model with partitioning across genes (16 150 

genes, 4,790 amino acid sites). A mitochondrial phylogenetic tree at the nucleotide level was 151 

also built incorporating data on all known brown algal orders and using RAxML with a GTR 152 

GAMMA substitution model and partitioning across genes (Table S2). 153 

The assembly was further screened for plastid scaffolds corresponding to the unknown 154 

phaeophycean. A local database of available brown algal chloroplast genomes was built, and 155 

assembled scaffolds matching the database (BLAST e-value <1-40) were kept for further analysis 156 

(available at https://doi.org/10.6084/m9.figshare.13140464). These scaffolds were then annotated 157 

using MFannot. A dataset of brown algal chloroplast genomes representative of the various 158 

orders was constructed and annotated with MFannot for consistency; some chloroplast genomes 159 

for Chordales, Laminariales, and Sphacelariales were derived from the SRA and assembled using 160 

default settings in NOVOPlasty v.3.7.2 (Table S2). Brown algal chloroplast coding genes (140 161 

total) were extracted from the plastid scaffolds and from selected brown algal genomes, and 162 

aligned in Geneious Prime v.2019.2.3 (Kearse et al., 2012). RAxML trees were constructed for 163 

each alignment with a GTR GAMMA substitution model. Plastid scaffolds belonging to the 164 

unknown phaeophycean were identified based on phylogenetic placement, that is, a long branch 165 

belonging to the Brown Algal Crown Radiation (BACR; Bringloe et al., 2020), but not matching 166 
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with earlier diverging orders, the host (Alaria), or Ectocarpales (Chordariacean epi- endophytes); 167 

annotations are available via Figshare (https://doi.org/10.6084/m9.figshare.13140464). A 168 

phylogenetic tree at the amino acid level incorporating the unknown phaeophycean scaffolds was 169 

built using RAxML with a GTR GAMMA substitution model and partitioning across genes (47 170 

genes and 9,648 amino acid sites; Table S2). 171 

Regression analysis was used to determine the chance of not recovering a rbcL contig 172 

given the presence of a coxI contig in the unknown phaeophycean. Reads were mapped to the 173 

recovered coxI and rbcL contigs in all samples in order to consistently calculate read coverage 174 

using Bowtie2 v.2.3.4 (Langmead & Salzberg, 2012); reads were only mapped if they were an 175 

exact match. Given the presence of two coxI sequences of Phaeostroma in TTB000062 and only 176 

one rbcL contig (presumably because they were closely related species), coverage for these 177 

contigs were not included in the analysis. Regression analysis was performed on nine sets of 178 

values, and prediction intervals were calculated in excel at 95, 99, and 99.9% intervals. The 179 

observed coverage for plastid scaffolds belonging to the unknown phaeophycean was also 180 

calculated via read mapping (as described above). 181 

Signatures of relaxed selection in the unknown phaeophycean were tested using RELAX 182 

(default settings) in HyPhy (Wertheim et al., 2015). RELAX tests for the strength of natural 183 

selection in a specified branch(es) relative to reference branches in a phylogeny, summarized by 184 

the selection intensity parameter k, wherein values <1 indicate relaxed selection and values >1 185 

indicate intensification. The null hypothesis of k=1 was tested. Genes were first concatenated 186 

according to functional group, then alignments were masked for conserved blocks while 187 

maintaining codon positions using default parameters in Gblocks (Castresana, 2000). Single gene 188 

and concatenated (post masking) alignments, can be accessed via Figshare 189 

(https://doi.org/10.6084/m9.figshare.13140464). RAxML trees were generated using a GTR 190 

GAMMA substitution model, with partitioning according to gene and codon position. Finally, 191 

gene alignments were analysed using the relax command in HyPhy 2.5.17, employing the 192 

universal genetic code (code 11, bacterial code, unavailable for analysis of plastid genes). 193 

Reference taxa are listed in Table S2. In order to focus the analyses on brown seaweeds and 194 

avoid long branch artifacts, the outgroup Ishege okamurae Yendo was excluded in the analyses 195 

for mitochondrial genes, and the outgroups Nanofrustulum shiloi (J.J.Lee, Reimer &McEnery) 196 
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Round, Hallsteinsen & Paasche and Vaucheria litorea C.Agardh were excluded from the 197 

analyses of plastid genes. 198 

Results 199 

In total, contigs were resolved for 11 epi- endophyte/faunal species, of which seven were clear 200 

members of the brown algal family Chordariaceae (Ectocarpales; Fig. 1; Table S3). A newly 201 

discovered brown algal coxI sequence was also detected, which lacked a corresponding rbcL 202 

contig (Fig. 1). We also detected one red algal endophyte (Acrochaetium alariae [Jónsson] 203 

Bornet), and one diatom (Thalassiosira sp. Table S3). Animal taxa were rare in the final contigs, 204 

with the exception of the epifaunal hydrozoan of the Leptomedusae order Obelia longissima 205 

Pallasm which occurred on all Greenlandic Alaria. The decapod Penaeus monodon Fabricius 206 

(tiger shrimp) was also detected in a sample from Greenland (TTB000062). Read-depth of the 207 

epi/endobiotic contigs was generally good (between 7x and 15x mean read coverage), and was 208 

noticeably scant in only a couple of cases (cox1 for A. alariae and rbcL for Laminariocolax 209 

aecidioides (Rosenvinge) A.F.Peters, with 2.5 and 3.4 mean read coverage, respectively; Fig. S1; 210 

Table S3). In comparison, the host organelles always exceeded 200x coverage. 211 

The presence of a newly discovered coxI phaeophycean sequence lacking an rbcL 212 

counterpart initiated our second objective of attempting to assemble its organellar genomes. The 213 

mitochondrial genome was resolved as four scaffolds that featured four copies of atp9 (two 214 

presumably functional, one truncated, and one a clear pseudogene), a pseudogene copy of rps13 215 

(as evidenced by internal stop codons), potential loss of rps7, and tatC reading in the opposite 216 

direction upstream from its typical location in brown algae (reading in the reverse direction after 217 

nad1; Fig. 2). Hypothetical proteins (ORFs) were also abundant, 8/9 of which were unique 218 

among available brown algal mitochondrial sequences. The mitochondrial genome was relatively 219 

large (~46 ka compared to ca. 38 ka typically reported in brown algal mitochondrial genomes). 220 

Phylogenetic analysis of 16 mitochondrial genes confidently placed the unknown phaeophycean 221 

near the base of the BACR (Fig. 3). A nucleotide analysis incorporating data from all brown 222 

algal orders further indicated the unknown phaeophycean appeared to belong to the BACR, 223 

though it did not clearly correspond to any of the known brown algal orders (Fig. S2). 224 

Scanning for a plastid corresponding to the unknown Phaeophycean revealed 12 225 

scaffolds. Only a subset of the expected plastid genes appeared to be present. Importantly, all the 226 
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photosystem, cytochrome b/f complex, chlorophyll biosynthesis and carbon fixation genes were 227 

absent, as were most of the ycf genes (Fig. 3). In contrast, nearly the full compliment of 228 

ribosomal genes was recovered, as were genes for ATP synthase with the exception of atpE. 229 

InterProScan predicted the expected domains in nearly all genes, but did not predict the expected 230 

domains in atpF, while only membrane subunit b was predicted in atpG. Genes belonging to the 231 

host (Alaria) and Chordariacean epi- endophytes (three species) were consistently detected in all 232 

the plastid gene trees for TTB000062. To rule out low coverage driving the absence of plastid 233 

genes in the assembly, we used regression analysis to predict the coverage of rbcL given the 234 

known coxI coverage in the newly discovered phaeophycean. Regression analysis predicted the 235 

plastid coverage for the unknown phaeophycean to be 30x, with a 99% prediction interval of 236 

12.8x and 46.9x coverage, and a 99.9% prediction interval of 3.5x and 56x coverage (Fig. S1). 237 

The observed coverage of the unknown phaeophycean plastid genes was 11.8x with two standard 238 

deviations of 7.5x and 16x coverage (Fig. S1). Phylogenenetic analysis of the unknown 239 

phaeophycean plastid genes further supported placement within the BACR (Fig. 3). 240 

Hyphy analyses detected significantly low k values (parameter for selection intensity) in 241 

nearly all the newly discovered Phaeophycean genes selected for analysis (Table 1), the only 242 

exception being cytochrome oxidase c subunits. 243 

Discussion 244 

Whole genome data has presented novel opportunities to not only explore target (host) genomes, 245 

but also the diversity and genomes of the accompanying holobiont. We sought to infer the epi-246 

endobiont of Alaria esculenta, a key habitat forming kelp in temperate and Arctic waters. 247 

Besides highlighting the utility of whole genome sequencing for inferring eukaryotic species 248 

present in/on kelp, our results also revealed a brown alga we argue represents a newly discovered 249 

parasitic lineage. 250 

Detecting epi- endobiotic diversity  251 

Among the epi-endophytes detected in the specimens of Alaria, the Chordariaceae were 252 

particularly prevalent (Fig. 1, Table S3). The species detected differed between our Russian and 253 

Atlantic/Arctic host specimens, and Phaeostroma pustulosum Kuckuck was the only widespread 254 

species in the Atlantic/Arctic region. Many of the taxa reported are known epiphytes, including 255 
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Laminariocolax aecidioides (Heesch and Peters 2006), Microspongium (Gauna et al., 2015; 256 

Múrua et al., 2018), Phaeostroma spp. (Pedersen 1981, Pedersen 2011), Protectocarpus (Bjaerke 257 

& Fredriksen 2003), and Coilodesme japonica Yamada (Deshmuke & Tatawaki 2001). Some of 258 

these species are clearly adapted for an endophytic life strategy, as in L. aecidioides which 259 

inserts itself into the sporophyte of brown algae (typically kelp) using a germ tube (Heesch & 260 

Peters 2006). Microspongium alariae is also known to undergo morphological changes in an 261 

endophytic association with A. esculenta, suggesting evolution of a host-specific relationship 262 

(Múrua et al. 2018). Interestingly, Protectocarpus speciosus (Børgesen) Kornmann and 263 

Microspongium globosum Reinke are known to form dense coatings together (Kuckuck, 1955), 264 

as do various epiphytic species from Greenland (Pedersen, 2011), implying that interactions 265 

among Chordariaceaen species facilitate concurrent occupation of host kelp tissue. The detection 266 

of known epi-endophytes attests to the accuracy of our methods and the utility of purposing 267 

whole genome data towards establishing knowledge about epi-endobiont diversity. 268 

Epiphyte/faunal associations with Alaria outside the brown algae were also detected. The 269 

centric diatom Thalassiosira was identified, and despite its pelagic nature, weak connections 270 

with algal hosts have been recorded (Tanaka, 1986). It is possible the detection of Thalassiosira 271 

here was due to its large overall abundance throughout marine ecosystems (Round et al., 1990), 272 

or a seasonal bloom. Obelia longissima, on the other hand, is likely a common Arctic epiphyte, 273 

as evidenced by its presence on all the Greenlandic Alaria sequenced, and the reported presence 274 

of hydrozoan species on up to 27% of Arctic Laminaria digitata (Hudson) J.V.Lamouroux by 275 

Ronowicz et al. (2008). This can be attributed to the life history of O. longissima, which includes 276 

a sessile colonial stage (Tyler-Walters, 2003). The red alga Acrochaetium alariae (Jónsson) 277 

Bornet was also detected on A. esculenta s.l. from Russia, and as the namesake implies, this 278 

species is described on the basis of its tendency to grow in/on species of Alaria. Curiously, we 279 

also detected the decapod species Penaeus monodon in libraries generated from a Greenlandic 280 

specimen of Alaria, despite field and lab procedures wherein young tissue (close to stipe) free of 281 

obvious epiphytes was taken. This is a widely distributed tropical species, introduced to several 282 

areas of the globe, including the Gulf of Mexico (Fuller et al., 2014) and as far north as the UK 283 

and France, though it apparently has not become established in Europe (Rodríguez & Suárez 284 

2001). The cold northern waters where specimens of Alaria were collected seemingly precludes 285 

the presence of P. monodon. We therefore interpreted these sequences as lab contamination, 286 
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though we could not trace this to an obvious source, and the contamination was not ubiquitous 287 

across samples. Whether the presence of P. monodon on specimens of Alaria is a lab artifact or 288 

biologically accurate remains unknown. 289 

Detecting a novel phaeophycean parasite 290 

The most exciting finding was a newly discovered mitochondrial genome belonging to an 291 

unknown organism inhabiting a specimen of A. esculenta from Greenland. Alignment of 292 

available brown algal mitochondrial genomes reveals a largely conserved genome architecture 293 

and set of genes, present even in earlier diverging orders (i.e. Ishegeales, Dictyotales, 294 

Sphacelariales; Liu et al., 2018; Starko et al., in review; Table S2). The unprecedented presence 295 

of gene duplications and rearrangements (listed in results) therefore stood in stark contrast to the 296 

conserved nature of brown algal mitochondrial genomes reported to date (Fig. 2). The high 297 

saturation of substitutions, depicted as long branches in the phylogenetic trees (Figs. 1 and 3), 298 

further suggested unique evolutionary pressures were acting on this genome. HyPhy results 299 

indicated selection was significantly relaxed in the unknown Phaeophycean (Table 1), which 300 

accounted for the elevated substitution rate and supported our hypothesis that this phaeophycean 301 

was parasitic. In the red algal parasite Pterocladiophyla hemisphaerica K.C.Fan & Papenfuss, 302 

elevated substitution rates in the organellar genomes lead to similarly long branches (Preuss et 303 

al., 2020). The search for an accompanying plastid genome provided further insight, as it 304 

revealed this lineage lacks nearly all genes needed for photosynthesis (Fig. 3). Overall, our 305 

hypothesis that the unknown epi-endophyte represented a parasitic phaeophyte appeared to be 306 

validated.  307 

The inference of parasitism on the basis of missing photosynthetic genes could justifiably 308 

be met with criticism, as the absence of evidence is not highly regarded as evidence of absence. 309 

This criticism can be dispelled, however, on several fronts: 1) the presence of plastid genes 310 

matching phylogenetic placement of the newly discovered mitochondrial genome is strong 311 

support that a corresponding plastid genome is present, 2) our regression analysis indicated the 312 

chances of not detecting genes for photosynthesis in this plastid genome, if they were present, 313 

were less than 1/1000 (Fig. S1), and 3) the genes of the parasitic organism were clearly evolving 314 

under relaxed selection (Table 1), as expected in parasitic lineages (Preuss et al., 2020). Within 315 

this context, the absence of genes related to photosynthesis rather serves as good evidence for a 316 
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parasitic lifestyle. Indeed, coverage of the phaeophycean parasite’s plastid scaffolds averaged 317 

11.8x, greater than in most of the other brown algal rbcL contigs resolved (Fig. S1), and as such, 318 

genes for photosynthesis could not have escaped detection. We note further that two of the 319 

contigs presented here (Nodes 40500, 81423) should likely be merged, as evidenced by a 320 

matching 24 bp segment at the beginning and end of the sequences (respectively). Assembly 321 

errors at the junction between these two scaffolds (causing the broken assembly) were likely 322 

caused by the presence of a tRNA gene, wherein the conserved motif likely led to errors during 323 

co-assembly of multiple brown algal plastid genomes. Indeed, mapping reads back to the merged 324 

scaffolds confirmed they likely represent the same continuous strand of DNA (i.e. consistent 325 

coverage of overlapping reads in the junction). This finding is notable given the presence of 326 

rps14 and rpl20 on either side of the junction, which typically flank a block of photosynthetic 327 

genes containing rbcL, rbcS, psaA, and psaB. Merging the two scaffolds therefore suggests 328 

these genes for photosynthesis are missing from the plastid genome, though we note that genome 329 

architecture can vary dramatically across brown algal orders (Starko et al. in review). 330 

Phylogenetic placement of the phaeophycean parasite remained mysterious, though we 331 

suggest it is member of a radiation event relatively late in the evolution of brown algae. Several 332 

orders diverged early in the evolution of the brown algae, including Dictyotales and 333 

Sphacelariales (Bringloe et al., 2020; Fig. 3). Most brown algal orders stem from a radiation that 334 

began in the early cretaceous, dubbed the Brown Algal Crown Radiation (BACR). Our 335 

phylogenetic analysis consistently placed the parasitic lineage among later diverging orders (Fig. 336 

3). Further supporting this placement, the few mitochondrial gene rearrangements characteristic 337 

of earlier diverging orders were not present in the unknown phaeophycean mitochondrial 338 

genome, that is, the positions of atp8, atp9, rps10 and rpl31 were consistent with members of the 339 

BACR (Starko et al., in review; Fig. 2). We do caution against interpreting bootstrap values and 340 

accompanying phylogenetic associations with the parasitic lineage (e.g. grouping of plastid 341 

genes with Fucales in Fig. 3), as its position among the BACR was inconsistent across analyses, 342 

likely due to long-branch attraction artifacts (Figs. S1 and 3; Preuss et al. 2020). It is worth 343 

asking whether this species may represent a new order of brown algae. An in-depth investigation 344 

to visually confirm and report on any unique morphological features will be needed for formal 345 

taxonomic classification, and should be carefully scrutinized against previous work on Greenland 346 

brown algal epi-endophytes (Pedersen 2011). Further analysis of Alaria, among other kelp 347 
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sporophytes, will help determine the range of the phaeophycean parasite, would potentially 348 

reveal other related species, and provide further evolutionary context for understanding the 349 

transition to parasitism. 350 

Reports of parasitic brown algae are rare. As far as we know, the only reported parasitic 351 

brown alga is Herpodiscus durvilleae (Lindauer) G.R.South, which is of the order Sphacelariales 352 

and is an obligate parasite of Durvillea antarctica (Heesch et al., 2008). Parasitism is inferred in 353 

H. durvilleae on the basis of grey plastids, indicating loss of photosynthetic capacity, though a 354 

functional copy of rbcL remains present (Heesch et al., 2008). Plastids in other parasitic algae 355 

ubiquitously show a reduction in genome size and loss of photosystem genes, while 356 

housekeeping genes are generally retained (i.e. genes used in translation and transcription such 357 

as ribosomal proteins; Fig. 3; Salomaki et al., 2015; Preuss et al., 2020). Genes related to amino 358 

acid biosynthesis, fatty acid biosynthesis, and transport may also be retained, such as in the red 359 

algal parasite Choreocolax polysiphoniae Reinsch (Salomaki et al. 2015). Curiously, ATP 360 

synthases appeared to be present in the brown algal parasite detected here, though atpE was 361 

missing and not all expected domains were predicted for atpF and atpG. (Fig. 3). These genes 362 

represent the last step in photosynthesis, forming the membrane bound ATP synthase complex 363 

that uses a proton gradient to convert ADP to ATP. Lacking the photosystem and cytochrome 364 

complexes to generate the proton gradient, it is difficult to envision a function for ATP synthase 365 

orthologues in the phaeophycean parasite. The absence of atpE, which forms the epsilon subunit 366 

of the F1 complex, would presumably decouple the F1 and F0 rotors, and thus decouple ATP 367 

synthesis and proton transport. Conservation of these genes in the absence of photosynthesis 368 

suggests the ATP synthase complex might have evolved an alternative function in the 369 

phaeophycean parasite. Here, relaxed selection intensity was inferred for these genes rather than 370 

an intensification of positive selection as would be expected of this scenario (Table 1). 371 

Interestingly, the genes for ATP synthase are also conserved in the reduced plastid of the 372 

heterotrophic green alga Prototheca wickerhamii K.Tubaki & M.Soneda (Knauf & Hachtel 373 

2002). 374 

Novel approaches are needed to fully extract biological information from accumulating 375 

marine genomic resources. Our objectives not only showcase the utility of whole genome 376 

sequencing to reveal eukaryotic diversity of the kelp holobiont, but also the underlying biology 377 
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of these diminutive species. Some details related to methodology warrant consideration for 378 

future work. In at least one case, rbcL reads from two species of Phaeostroma appeared to be 379 

present in a specimen of Alaria (TTB000062; Fig. 1). As the reads could not be manually teased 380 

apart, nor resolved through various assembly attempts, we were unable to resolve the rbcL contig 381 

for the second species of Phaeostroma. We also faced the inherent challenge of linking up results 382 

from multiple markers within host samples, an issue that is likely exacerbated when sampling 383 

older kelp tissue (i.e. more time for colonization by multiple species). New analytical pipelines 384 

are needed to automate and overcome these challenges, and ultimately upscale and enhance 385 

species detection and genome assembly from environmental samples. Another consideration for 386 

rigorous ecological study of kelp epi-endophytes/fauna using HTS data is the threshold for 387 

detection, which will vary according to sampling methods (habits of the collector, the amount of 388 

tissue taken for DNA and the position of that tissue on the specimen), integrity of the sample 389 

prior to DNA extraction, the extraction procedures themselves, sequencing methods, amount of 390 

DNA reads produced, and downstream analysis. Here, we expect our methods only detected the 391 

most abundant and obvious taxa (in fact, low coverage diatom contigs were also evident in our 392 

assembly of TTB000062, indicating epi- endophytes remained uncharacterized). Our findings 393 

also highlight the importance of characterizing epi-endophyte/faunal communities for population 394 

genomic work of kelp, the read data from which need to be removed or avoided prior to analysis 395 

to avoid the risk of conflating biological signals from multiple species (particularly abundant 396 

organellar DNA). 397 

In conclusion, our study showcases how whole genome sequencing data can be used to 398 

reveal epi-endophyte/faunal associations with kelp, and indicates unique eukaryotic lineages 399 

remain to be characterized, even in the well-studied brown algae. The identified putative 400 

phaeophycean parasite mitochondrial genome and plastid scaffolds, along with annotations, can 401 

be accessed via GenBank (Table S1 and/or https://doi.org/10.6084/m9.figshare.13140464), and 402 

is expected to facilitate further analysis of brown algal organellar genome evolution. The host 403 

mitochondrial and plastid genomes are additionally provided for A. esculenta s.l. 404 

(MT767059/MT767060) and A. esculenta s.s. (MT767061/MT767062). Our analysis here was an 405 

admittedly passive assessment of epi-endophyte/faunal diversity. A dedicated study 406 

incorporating multiple host species, temporal sampling, and broad geographic scope is certain to 407 

reveal further novel diversity with implications for our understanding of brown algal evolution. 408 
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Moreover, as HTS data becomes increasingly available, so too will our knowledge of kelp epi-409 

endophyte/faunal associations. 410 
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Figure legends 581 

Table 1. Hyphy results testing for signatures of relaxed selection in mitochondrial and plastid 582 

functional gene groups of the putative parasitic brown alga. 583 

Gene bp analysed Ka pb 

Mitochondrial 

Atpase synthase subunits 

atp6, atp8, atp9 1092 0.31 0.042 

Cytochrome c oxidase subunits 

coxI, coxII, coxIII 2856 0.97 0.530 

NADH dehydrogenase subunits 

nad1, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, nad9, 

nad11 

9228 0.12 <0.001 

Ribosomal proteins (SSU) 

rps2, rps3, rps4, rps8, rps10, rps11, rps12, rps13, rps14, 

rps19 

4077 0.85 <0.001 
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Ribosomal proteins (LSU) 

rpl2, rpl5, rpl6, rpl14, rpl16 2433 0.52 <0.001 

Plastid 

Atp synthase subunits 

atpA, atpB, atpD, atpF, atpG, atpH, atpI 3834 0.30 <0.001 

DNA helicase 

dnaB, dnaK 1950 0.40 <0.001 

FeS cluster biosynthesis 

sufB, sufC 1092 0.48 <0.001 

Protein translocase subunits 

secA, secG, secY 4023 0.42 <0.001 

Ribosomal proteins (SSU) 

rps2, rps3, rps4, rps5, rps7, rps8, rps9, rps10, rps11, 

rps12, rps13, rps14, rps16, rps17, rps18, rps19 

6312 0.33 <0.001 

Ribosomal proteins (LSU) 

rpl1, rpl2, rpl3, rpl4, rpl5, rpl6, rpl11, rpl12, rpl13, rpl14, 

rpl16, rpl18, rpl19, rpl20, rpl21, rpl22, rpl23, rpl24, rpl27, 

rpl29, rpl31, rpl34, rpl35, rpl36 

8886 0.45 <0.001 

RNA polymerases 

rpoA, rpoB, rpoC1, rpoC2 6348 0.51 <0.001 

aK<1 indicates relaxation of selection; K>1 indicates intensification of selection. 584 

bp-value indicates significance of departure from K=1. 585 

Fig. 1. Maximum-Likelihood trees depicting cox1 and rbcL relationships among brown algal 586 

epi-endophytes detected on Alaria. Alignments are 658 and 1466 bp, respectively. Contigs 587 

linked to the same species are marked with the dashed lines. Bootstrap values are indicated at 588 

nodes; an * indicates full support, - indicates <50 support. 589 

Fig. 2. Annotated mitochondrial genomes of the putative Phaeophycean parasite and host Alaria 590 

esculenta mitomes. Notable differences between genomes are highlighted in red. The contigs 591 

resolved for the putative Phaeophycean parasite are indicated with black lines. 592 
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Fig. 3. Maximum-Likelihood trees depicting placement of the unknown Phaeophycean, along 593 

with plastid genes recorded for the unknown Phaeophycean. The mitochondrial tree is based on 594 

16 translated genes (4,790 amino acid sites); the plastid tree is based on 47 translated genes 595 

(9,648 amino acid sites). Trimmed from the trees are the root clades Ishige okamurae 596 

(Ishigeales) for the mitochondrial tree, and Nanofrustulum shiloi (Bacillariophyceae) and 597 

Vaucheria litorea (Xanthophyceae) from the plastid tree. Nodes lacking a bootstrap value are 598 

fully supported, while values are depicted for nodes with <95% support. Red x’s indicate genes 599 

that appear to be absent from the plastid genome of the unknown Phaeophycean, while green 600 

checkmarks indicate confirmed genes. GenBank and SRA accessions are available in Table S2. 601 
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Coilodesme californica|GWS036767
Coilodesme japonica|AB302295

A8_2

Eudesme borealis|MH277181

Dictyosiphon sp.|MH277265

Dictyosiphon foeniculaceus|MH277195

Protectocarpus seciosus|AF207810

Hecatonema sp.|AF207802
TTB000192_1

TTB000062_4

Phaeostroma pustulosum|AF207808
TTB000192_2
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Alaria esculenta|AT001

Saccharina latissima|KY683376

Alaria esculenta|AT001

Alaria crispa|A8

Scytosiphon lomentaria|KF281303

Ectocarpus siliculosus|MN335625

Pylaiella littoralis|MH309209

Pylaiella washingtoniensis|KY683234

Laminariocolax aecidioides|LM995048

Microspongium globosum|GWS004596

Microspongium alariae|MH482491

Eudesme borealis|MH308798

A8_2

Dictyosiphon foeniculaceus|MH309008

Dictyosiphon sp.|MH309869

Dictyosiphon sp.|Incorrect ID|JX572024

TTB000192_2

TTB000062_3

TTB000062_4

TTB000192_1

93

Hecatonema maculans|LM994994

A8_3

A8_4

Microspongium alariae|LM994993

Coilodesme californica|GWS036767

0.6

Novel Phaeophycean coxI sequence

90

*

99

99

99





Sphacelaria sp.

Dictyota dichotoma

Dictyopteris divaricata

Sphacelariales

Dictyotales

Unknown Phaeophycean

Analipus japonicus Ralfsiales

Fucus distichus

Coccophora langsdorfii

Sargassum muticum

Turbinaria ornata Fucales

DesmarestiaDesmarestia viridis

Undaria pinnatifida

Saccharina japonica

Macrocystis integrifolia

Nereocystis luetkeana

Lessonia spicata

Laminaria digitata

Costaria costata

Laminariales

Cladosiphon okamuranus

Colpomenia peregrina

Scytosiphon lomentaria

Endarachne binghamiae

Petalonia fascia

Pleurocladia lacustris

Ectocarpus siliculosus

Pylaiella littoralis

Ectocarpales

Mitochondrial

59

94

65

58

0.2

88

68

Sphacelaria sp.

Dictyopteris divaricata

Desmarestia aculeata

Unknown Phaeophycean

Fucus vesiculosus

Sargassum horneri

Scytosiphon canaliculatus

Chorda asiatica

Ectocarpus siliculosus

Pleurocladia lacustris

Cladosiphon okamuranus

Lessoniopsis littoralis

Pterygophora califonica

Alaria marginata

Costaria costata

Egregia menziesii

Ecklonia radicosa

Postelsia palmaeformis

Macrocystis pyrifera

Hedophyllum subsessile

Arthrothamnus bifidus

Lessonia spicata

Laminaria solidungula

Pseudochorda nagaii

Akessiphycus lubricus

0.3

Plastid

photosystem I
psaA x
psaB x
psaC x
psaD x
psaE x
psaF x
psaI x
psaJ x
psaL x
psaM x

photosystem II
psbA x
psbB x
psbC x
psbD x
psbE x
psbF x
psbH x
psbI x
psbJ x
psbK x
psbL x
psbN x
psbT x
psbV x
psbW x
psbX x
psbY x

cytochrome b/f
complex
petA x
petB x
petD x
petF x
petG x
petJ x
petL x
petM x
petN x

ATP synthase
atpA ✓
atpB ✓
atpD ✓
atpE x
atpF ✓
atpG ✓
atpH ✓
atpI ✓

RubisCO
subunits
rbcL x
rbcS x

Hypothetical
ycf3 x
ycf4 x
ycf12 x
ycf17 x
ycf19 ✓
ycf33 x
ycf34 x
ycf35 x
ycf37 x
ycf39 x
ycf41 x
ycf46 x
ycf54 x
ycf65 x
ycf66 ✓

Ribosomal 
proteins (SSU)
rps1 x
rps2 ✓
rps3 ✓
rps4 ✓
rps5 ✓
rps7 ✓
rps8 ✓
rps9 ✓
rps10 ✓
rps11 ✓
rps12 ✓
rps13 ✓
rps14 ✓
rps16 ✓
rps17 ✓
rps18 ✓
rps19 ✓
rps20 x

Ribosomal 
proteins (LSU)
rpl1 ✓
rpl2 ✓
rpl3 ✓
rpl4 ✓
rpl5 ✓
rpl6 ✓
rpl9 x
rpl11 ✓
rpl12 ✓
rpl13 ✓
rpl14 ✓
rpl16 ✓
rpl18 ✓
rpl19 ✓
rpl20 ✓
rpl21 ✓
rpl22 ✓
rpl23 ✓
rpl24 ✓
rpl27 ✓
rpl29 ✓
rpl31 ✓
rpl32 x
rpl33 x
rpl34 ✓
rpl35 ✓
rpl36 ✓

Other genes
acsF x
bas1 x
cbbX x
ccs1 x
ccsA x
chlB x
chlI x
chlL x
chlN x
clpC* ✓
cp30 ✓
dnaB ✓
dnaK ✓
ftrB x
ftsH x
groEL x
ilvB ✓
ilvH ✓
rbcR x
secA ✓
secG ✓
secY ✓
sufB ✓
sufC ✓
syfB x
tatC x
thiG x
thiS x
tsf ✓
tufA ✓
*internal stop 
codon

78

76

74

RNA 
polymerase
rpoA ✓
rpoB ✓
rpoC1 ✓
rpoC2 ✓



Table S1: New GenBank accessions for epi-endophyte sequences, including whole organellar genome data in Alaria and the phaeophycean 

parasite. s.l.=sensu lato, s.s.=sensu stricto; M=mitochondrial, P=plastid. Annotations for plastid contigs of TTB000062 can be accessed via 

https://doi.org/10.6084/m9.figshare.13140464. 

 

Species Specimen ID 
Date 

collected 
Lat. Long. 

Organellar 

genome (M/P) 
cox1 rbcL 

Alaria esculenta s.l. (crispa 

type) 
A8 21-Aug-2018 52.913 158.637 

MT767059/ 

MT767060 
  

Alaria esculenta s.s. AT001 06-Jun-2019 45.044 -66.809 
MT767061/ 

MT767062 
  

Alaria esculenta s.s. TTB000192 06-Jun-2019 45.044 -66.809 NA   

Alaria esculenta s.s. TTB000062 23-Aug-2019 64.079 -51.467 
Short-read files: 

SAMN16729885 
  

Alaria esculenta s.s. TTB000067 23-Aug-2019 64.079 -51.467 NA   

Alaria esculenta s.s. TTB000079 23-Aug-2019 64.079 -51.467 NA   

Acrochaetium alariae A8_1 21-Aug-2018 52.913 158.637  MT766282 MT766297 

Coilodesme japonica A8_2 21-Aug-2018 52.913 158.637  MT766283 MT766298 

Laminariocolax aecidioides A8_3 21-Aug-2018 52.913 158.637  MT766284 MT766299 

Microspongium globosum A8_4 21-Aug-2018 52.913 158.637  MT766285 MT766300 

Hecatonema maculans AT001_1 06-Jun-2019 45.044 -66.809  MT766286 MT766301 

Phaestroma pustulosum AT001_2 06-Jun-2019 45.044 -66.809  MT766287 MT766302 

Thallasiosira sp. AT001_3 06-Jun-2019 45.044 -66.809   MT766303 



Hecatonema maculans TTB000192_1 06-Jun-2019 45.044 -66.809  MT766295 MT766306 

Phaeostroma pustulosum TTB000192_2 06-Jun-2019 45.044 -66.809  MT766296 MT766307 

Putative phaeophycean 

parasite 
TTB000062_1 23-Aug-2019 64.079 -51.467 

MT747832/ 

MW266086-97 
MT766288  

Phaestroma pustulosum TTB000062_2 23-Aug-2019 64.079 -51.467  MT766289 MT766304 

Phaeostroma sp. TTB000062_3 23-Aug-2019 64.079 -51.467  MT766290  

Protectocarpus sp. TTB000062_4 23-Aug-2019 64.079 -51.467  MT766291 MT766305 

Obelia longissima TTB000062_5 23-Aug-2019 64.079 -51.467  MT766292  

Obelia longissima TTB000067_1 23-Aug-2019 64.079 -51.467  MT766293  

Obelia longissima TTB000079_1 23-Aug-2019 64.079 -51.467  MT766294  

Coilodesme californica GWS036767 15-May-2014 48.454 -122.963  MT806364 MT806365 

Microspongium globosum GWS004596 28-Jun-2006 48.786 -125.119  MT520140 MT520141 

 

  



Table S2: GenBank accession information for sequences used in phylogenetic analyses. Molecular data from multiple strains of Nemoderma 

were combined on the basis of being a monotypic genus. Data for Chorda asiatica also included nad2 (LC148200) and nad5 (LC148258). 

 

Species (strain ID for amplicon 

data) 
Mitochondria 

Plastid 
atp9 cox1 cox3 nad1 nad4 

Fragilariales (Bacillariophyceae) 

Nanofrustulum shiloi  MN276191      

Vaucheriales (Xanthophyceae) 

Vaucheria litorea  EU912438      

Ishigeales 

Ishige okamurae MG940857       

Onslowiales 

Verosphacela sylvae (GR11-s#8-3)    LM995421    

Dictyotales 

Dictyopteris divaricata MG940856 NC 036804      

Dictyota dichotoma AY500368       

Syringodermatales 

Syringoderma phinneyi (FRA0140)    EU681429  EU681512 EU681543 

Cladostephus spongiosus (FRA0511)    EU681396   EU681520 

Sphacelariales 



Sphacelaria sp. SAMN10026787 SAMN10026787      

Nemoderma tingitanum (atp9, nad1, 

nad4: FRA0530; cox1: KU-d13284) 
 

 
EU681567.1 LC065621  EU681496 EU681530 

Fucales 

Fucus distichus KY678904 MG922855      

Coccophora langsdorfii KU255794       

Sargassum muticum KJ938301       

Sargassum horneri  MN265366      

Turbinaria ornata KM501562       

Tilopteridales 

Saccorhiza dermatodea (FRA0144)   EU681576 EU681421  EU681506 EU681538 

Sporochnales 

Carpomitra costata (TJS0096)     EU681437 EU681478  

Perithalia caudata (TJS0095)      EU681500  

Bellotia eriophorum (TJS0128)   GQ368298 GQ368255 GQ368270 GQ368284  

Sporochnus pedunculatus 

(FRA0494) 
 

 
EU681583 EU681428 EU681466 EU681511 EU681542 

Stschapoviales 

Halosiphon tomentosus (KU-1171)    AB776652 AB543505   



Ralfsiales 

Analipus japonicus (TJS0188) SAMN10026788 SAMN10026788 EU681545 EU681389 EU681432 EU681472 EU681516 

Scytothamnales 

Splachnidium sp. (KU-1176)    AB776661 AB776719   

Splachnidium rugosum (FRA0086)   EU681582 EU681427 EU681465   

Scytothamnus fasciculatus (KU-713)    AB776660 AB776718   

Stereocladon rugulosus (STEREO4)    JF796547 JF796560   

Scytothamnus australis (FRA0085)   EU681580 EU681425   EU681541 

Desmarestiales 

Desmarestia viridis AY500367       

Desmarestia aculeata  SAMN10026789      

Ascoseirales 

Ascoseira mirabilis (FRA0145)    EU681391  EU681474 EU681547 

Ectocarpales 

Cladosiphon okamuranus MG488292 NC 046005      

Pylaiella littoralis AJ277126       

Colpomenia peregrina KM244739       

Scytosiphon lomentaria KJ995702       



Scytosiphon canaliculatus  NC 044758      

Endarachne binghamiae MF374731       

Petalonia fascia KJ957769       

Pleurocladia lacustris KU164873 NC 032045      

Ectocarpus siliculosus NC_030223 NC 013498      

Laminariales 

Alaria marginata  SAMN09506685      

Arthrothamnus bifidus  SAMN09516535      

Pterygophora californica  SAMN09506688      

Postelsia palmaeformis  SAMN09516532      

Undaria pinnatifida KF319031       

Saccharina japonica AP011493       

Egregia menziesii  SAMN09516496      

Ecklonia radicosa  SAMN09516498      

Hedophyllum subsesille  SAMN09516536      

Macrocystis integrifolia MH411105       

Macrocystis pyrifera  SAMN09516533      

Nereocystis luetkeana MH392199       



Lessonia spicata MK965907 SAMN09516495      

Lessoniopsis littoralis  SAMN09506687      

Laminaria digitata AJ344328       

Laminaria solidungula  NC 044690      

Costaria costata KF384641 SAMN09516490      

Chordales        

Akkesiphycus lubricus  SAMN09506682      

Chorda asiatica (KU-503)  SAMN09506684  AB775224 AB775241  LC148230 

Pseudochorda nagaii  SAMN09506683      

Asterocladales 

Asterocladon rhodochortonoides 

(SAP089220) 
 

 
  AB302287   

 

 

 

  



Table S3. Epi-endophytes detected in specimens of Alaria. 

Epi-endophyte ID 

(Phylum: species) 

Marker: length (mean 

read-depth) 

Host species, 

loation(s) 

Notes 

Bacillariophyta: 

Thalassiosira sp. 

rbcL: 1445 bp (13) A. esculenta s.s., 

Bay of Fundy, 

Canada 

The contig was a close match to the diatoms Thalassiosira 

aestivalis Gran 1931 and T. pacifica Gran & Angst 1931 (99.75%). 

Cnidaria: Obelia 

longissima Pallas 

cox1: 648 bp (7.2-69.6) A. esculenta s.s., 

Nuuk, Greenland 

Detected in all three specimens from Greenland, the contigs were a 

99.38% match to O. longissima. 

Ochrophyta: Coilodesme 

japonica Yamada 

rbcL: 721 bp (8.1);  

cox1: 591 bp (7.8)  

A. esculenta s.l. 

(type crispa), 

Kamchatka, 

Russia 

The rbcL contig is a 100% match to C. japonica, and a second 

close match to C. californica (Ruprecht) Kjellman, while the cox1 

was a close match to C. californica (Ruprecht) Kjellman (98.97%; 

Fig. 2).  

Ochrophyta: 

Hecatonema maculans 

(Collins) Sauvageau 

rbcL: 1315-1357 bp 

(13.9-14.4);  

cox1: 629-642 bp (7.1-

14.7)  

A. esculenta s.s., 

Bay of Fundy 

Present in both Bay of Fundy specimens, the cox1 contig was a 

100% match to H. maculans. Though rbcL data are not available 

for H. maculans, rbcL contigs were a 99.85% match to an unknown 

species of Hecatonema (Fig. 2). 

Ochrophyta: 

Laminariocolax 

aecidioides Rosenvinge 

(A.F. Peters) 

rbcL: 617 bp (3.4);  

cox1: 608 bp (13) 

A. esculenta s.l. 

(type crispa), 

Kamchatka, 

Russia 

The cox1 contig was a 100% match to L. aecidioides 

(Chodariaceae). Scant read depth failed to resolve the 3’ end of 

rbcL, but the few reads available indicated closer affinity to a 

genetic group sampled in Hokkaido, Japan, which also likely 

represents L. aecidioides (Fig. 2). 

Ochrophyta: 

Microspongium 

globosum Reinke 

rbcL: 701 bp (5.1);  

cox1: 630 bp (9.6) 

A. esculenta s.l. 

(type crispa), 

Kamchatka, 

Russia 

The cox1 contig was a close match to M. globosum sampled from 

British Columbia (99.22%), Canada, while rbcL was a 99.86% 

match. The cox1 contig was also a close match to Microspongium 

alariae (P.M.Pedersen) A.F.Peters reported from Nome, Bering 

Sea, Alaska (97.7%; Bringloe and Saunders 2019; Fig. 2). 



Ochrophyta: 

Phaeophyceae sp. 

(putative parasite) 

cox1: 658 bp (14) A. esculenta s.s., 

Nuuk,  Greenland 

Though the contig appeared to be brown algal, it was not a clear 

match to anything, even at the ordinal level. Numerous gene 

rearrangements, duplications, the presence of pseudogenes, overall 

substitution saturation, and the lack of an accompanying plastome 

suggests this novel brown algae is parasitic (Fig. 1). 

Ochrophyta: 

Phaeostroma spp. 

rbcL: 1410-1497 bp 

(6.6-10.0); 

 cox1 (1): 447-656 bp  

(5.3-12.6) 

cox1 (2): 533 bp (12.7) 

A. esculenta s.s., 

Bay of Fundy, 

Canada; Nuuk, 

Greenland 

Contigs for Phaestroma pustulosum were widely resolved, 

appearing in both Bay of Fundy specimens and one specimen from 

Greenland. A second cox1 genetic group was resolved from 

Greenland, and is a 93.56% match to the first resolved 

Phaeostroma contig (Fig. 2). Mapping revealed closely related 

rbcL reads, but we were unable to confidently resolve them into a 

second Phaestroma rbcL contig. 

Ochrophyta: 

Protectocarpus sp. 

rbcL: 1357 bp (14.8); 

cox1: 664 bp (12.9) 

A. esculenta s.s., 

Nuuk,  Greenland 

The rbcL contig was a 99.18% match to Protectocarpus speciosus 

(Børgesen) Kornmann. At least two other North Atlantic species of 

Protectocarpus are recognized, Protectocarpus faeroeensis 

(Børgesen) Kornmann and Protectocarpus hecatonemoides 

Kornmann, of which the contig could represent either. The cox1 

contig is assigned here based on phylogenetic placement (Fig. 2). 

Rhodophyta: 

Acrochaetium alariae 

(Jónsson) Bornet  

rbcL: 1353 bp (7.6); 

 cox1: 593 bp (2.5) 

A. esculenta s.l. 

(type crispa), 

Kamchatka, 

Russia 

The rbcL contig matched closest to Acrochaetium secundatum 

(Lyngbye) Nägeli (93.5%; rbcL data were not available for A. 

alariae). Though read depth was scant for cox1, name assignment 

was based on this marker (99.5% match to A. alariae). Note A. 

alariae cox1 data is an 88% match to A. secundatum, mirroring our 

results with rbcL. 

 



 

 
Fig. S1. Regression analysis of coxI and rbcL contig coverage for epi- endophytes detected in 

shotgun sequencing libraries for Alaria. Also depicted is the predicted rbcL coverage for a 

novel Phaeophycean coxI contig along with prediction intervals at 95, 99, and 99.9% 

confidence. The value in red represents the observed value of coverage for recovered plastid 

scaffolds belonging to the novel Phaeophycean (note, not rbcL), with an interval of 2 

standard deviations. 

 



 
Fig. S2. Maximum-Likelihood tree depicting placement of the phaeophycean parasite. The 

tree is based on whole mitochondrial genome data (21,721 bp alignment of 32 coding genes, 

as indicated by †), and otherwise available mitochondrial genes (atp9, cox1, cox3, nad1, 

nad2, nad4, and nad5). Trimmed from the tree is the root clade Ishige okamurae (Ishigeales; 

whole mitochondrial genome data) and Verosphacela silvae (Onslowiales; cox1 data). 

Bootstrap values are depicted at nodes; * indicates full support, - indicates a bootstrap value 

less than 50. GenBank accessions are available in Table S2. 
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