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Porphyra umbilicalis (laver) belongs to an ancient group of red
algae (Bangiophyceae), is harvested for human food, and thrives
in the harsh conditions of the upper intertidal zone. Here we pre-
sent the 87.7-Mbp haploid Porphyra genome (65.8% G + C con-
tent, 13,125 gene loci) and elucidate traits that inform our
understanding of the biology of red algae as one of the few mul-
ticellular eukaryotic lineages. Novel features of the Porphyra ge-
nome shared by other red algae relate to the cytoskeleton, calcium
signaling, the cell cycle, and stress-tolerance mechanisms including
photoprotection. Cytoskeletal motor proteins in Porphyra are re-
stricted to a small set of kinesins that appear to be the only uni-
versal cytoskeletal motors within the red algae. Dynein motors are
absent, and most red algae, including Porphyra, lack myosin. This
surprisingly minimal cytoskeleton offers a potential explanation
for why red algal cells and multicellular structures are more limited
in size than in most multicellular lineages. Additional discoveries
further relating to the stress tolerance of bangiophytes include
ancestral enzymes for sulfation of the hydrophilic galactan-rich
cell wall, evidence for mannan synthesis that originated before
the divergence of green and red algae, and a high capacity for
nutrient uptake. Our analyses provide a comprehensive under-
standing of the red algae, which are both commercially important
and have played a major role in the evolution of other algal
groups through secondary endosymbioses.

cytoskeleton | calcium-signaling | carbohydrate-active enzymes |
stress tolerance | vitamin B;;

he red algae are one of the founding groups of photosyn-
thetic eukaryotes (Archaeplastida) and among the few mul-
ticellular lineages within Eukarya. A red algal plastid, acquired
through secondary endosymbiosis, supports carbon fixation, fatty
acid synthesis, and other metabolic needs in many other algal
groups in ways that are consequential. For example, diatoms and
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haptophytes have strong biogeochemical effects; apicomplexans
cause human disease (e.g., malaria); and dinoflagellates include
both coral symbionts and toxin-producing “red tides” (1). The
evolutionary processes that produced the Archaeplastida and
secondary algal lineages remain under investigation (2-5), but it
is clear that both nuclear and plastid genes from the ancestral
red algae have contributed dramatically to broader eukaryotic
evolution and diversity. Consequently, the imprint of red algal
metabolism on the Earth’s climate system, aquatic foodwebs, and
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Significance

Fossil evidence shows that red algae (Rhodophyta) are one of
the most ancient multicellular lineages. Their ecological, evolu-
tionary, and commercial importance notwithstanding, few red
algal nuclear genomes have been sequenced. Our analyses of
the Porphyra umbilicalis genome provide insights into how this
macrophyte thrives in the stressful intertidal zone and into the
basis for its nutritional value as human food. Many of the novel
traits (e.g.. cytoskeletal organization, calcium signaling path-
ways) we find encoded in the Porphyra genome are extended to
other red algal genomes, and our unexpected findings offer a
potential explanation for why the red algae are constrained to
small stature relative to other multicellular lineages.

human health is immense. Moreover, the oldest taxonomically
resolved multicellular eukaryote in the fossil record (1.2 Ga) is
the bangiophyte red alga Bangiomorpha, which closely resembles
the extant marine alga Bangia (6). As is typical of most bangio-
phytes, Porphyra grows in one of Earth’s most physically stressful
habitats, the intertidal zone, where organisms are exposed to
daily and seasonally fluctuating temperatures, high levels of ir-
radiance (including UV), and severe osmotic stress and desic-
cation. Porphyra and its ancestors have competed successfully in
this dynamic and severe environment for over a billion years,
through numerous changes in climate and mass extinctions.

Here we describe the genome of Porphyra umbilicalis. Exam-
ination of the Porphyra genome and complete genomes of other
red algae [Chondrus crispus (7), Cyanidioschyzon merolae (8),
Galdieria sulphuraria (9), Porphyridium purpureum (10), Pyropia
yezoensis (11)] revealed numerous additional differences be-
tween the red algae and other eukaryotic lineages, including a
reduced complement of motor proteins, unique signaling mole-
cules, and augmented stress tolerance mechanisms, especially
in Porphyra.

Results and Discussion

Genomic Analysis. An 87.7-Mbp assembly of the P. umbilicalis
(hereafter, Porphyra) nuclear genome was generated from
PacBio whole-genome shotgun sequencing, with insertions and
deletions corrected using Illumina whole-genome shotgun reads
(SI Appendix, Methods). The Porphyra genome has a substan-
tial repeat component (43.9%) for a compact genome, with the
most common repeat classes being DNA (15.5 Mbp) and LTR
(14.9 Mbp) elements (SI Appendix, Table S5). Gene models were
predicted at 13,125 loci using de novo gene prediction algorithms
supported by evidence from protein homology and expression
data (SI Appendix, Table S6). A typical gene has ~two exons,
implying abundant splicing for a red alga; however, only 235 al-
ternative splice-forms were identified from expressed sequence
tag coverage of genes (SI Appendix, Table S6). Overall, the ge-
nome is 65.8% G+C, but protein-coding regions average 72.9%
and reach up to 94% G+C (SI Appendix, Fig. S7). Nearly 98% of
the sequenced transcripts (expressed sequence tags) can be
mapped to the genome assembly, and we identified complete
complements of genes encoding RNA polymerase subunits and
all other conserved proteins involved in transcription, trans-
lation, and DNA synthesis (SI Appendix, Table S10), suggesting
that the genome is nearly complete.

Phylogenomic analysis (12) of the red algae (Rhodophyta)
distinguishes a class (Cyanidiophyceae) of extremophilic unicel-
lular species and two sister clades of mesophilic species, which
we refer to here as the SCRP (Stylonematophyceae, Comp-
sopogonophyceae, Rhodellophyceae, Porphyridiophyceae) and
the BF (Bangiophyceae, Florideophyceae) (SI Appendix, Fig.
S11). The SCRP clade contains unicells, microscopic filaments,
and microscopic blades, whereas the BF clade holds macro-
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phytes (“seaweeds”) that comprise the majority of described
species (13). Phylogenomic comparisons of Bangiophyceae
(e.g., P. umbilicalis, P. yezoensis) and Florideophyceae (e.g.,
C. crispus, Calliarthron tuberculosum) suggest that these two red
algal classes are highly diverged (SI Appendix, Fig. S12). The ab-
sence of some pathways and genes from red algae is likely be-
cause of genomic reduction in the red algal ancestor (4), and we
confirmed that Porphyra lacks genes described previously as lost
in other red algae, including those encoding enzymes of the
glycosyl-phosphatidylinositol (GPI) anchor biosynthesis pathway
(Kyoto Encyclopedia of Genes and Genomes map00563,
22 genes), autophagy proteins (KO pathway ko04140, 17 genes),
and most flagellar proteins (4).

Cytoskeleton. The cytoskeleton of red algae is poorly character-
ized, despite the long-recognized absence of flagella from the red
algae (14, 15). Nuclear-associated organelles that lack centrioles
appear to organize the mitotic spindle (1), and freeze-substitution
reveals cytoplasmic microtubules and bundles of actin microfila-
ments (16). Cytoskeletal inhibitors and fluorescent probes (e.g.,
FITC-phalloidin for microfilaments) demonstrate that actin mi-
crofilaments form cortical rings during cytokinesis and during
sperm/egg fusion, ensheath migrating secretory vesicles and or-
ganelles, and are prominently labeled in amoeboid red algal
spores (17-21). Certainly the composition of the red algal cyto-
skeleton must determine many of the capabilities and limitations
of red algae because of the fundamental roles the cytoskeleton
plays in intracellular transport, secretion of cell wall materials,
regulation of cell size and shape, and responses to developmental
and environmental signals that influence cell polarity and com-
plex tissue development in many eukaryotes (22, 23). Here we
report that Porphyra and other red algae have significantly re-
duced cytoskeletons and consider the consequences for size
and complexity.

We identified four closely related actin genes in Porphyra, as
well as the chromatin remodeling, actin-related protein Arp4,
but no other Arp proteins (SI Appendix, Table S15). The lack of
the dynactin complex Arpl is consistent with loss of a dynein
motor, but the general absence of Arp2/Arp3 from red algae is
surprising. In eukaryotes, Arp2/3 nucleates the formation of
branched microfilaments that mediate amoeboid motion (22),
which is observed in many types of red algal spores, including
Porphyra neutral spores (24) and Pyropia pulchella archeospores
(21). How these spores move without Arp2/3 is an intriguing
question; perhaps they rapidly polymerize microfilaments with the
aid of other nucleating machinery, such as formins (22), which are
present. However, although formins in many animals, fungi, and
plants are members of expanded gene families that have been
differentiated to support processes required to build complex
morphologies (e.g., polarized tip growth and cell plate orientation)
(25, 26), Porphyra has only two formins (SI Appendix, Table S15).
In addition to formins, Porphyra and other red algae (SI Appendix,
Tables S15 and S16) contain profilin, which interacts with formins;
cofilin, a key depolymerizing factor; and severin, which cuts mi-
crofilaments to promote remodeling. However, we did not find
other well-conserved, widely distributed actin-modifying proteins
(e.g., WASP/WAVE, CapZ, fimbrin) in Porphyra, and few if any
convincing homologs in other red algae (SI Appendix, Table S16).
The most striking limitation to microfilament-mediated phenom-
ena in Porphyra and most other red algae is the absence of myosin.
Myosin genes were not detected in any of the available genomes of
the BF clade (Fig. 1), and only nonspecific (27) myosin inhibitors
(2,3-Butanedione monoxime) were used previously (e.g., ref. 21)
to infer myosin activity. We do find that the single myosin anno-
tated previously (9) in the extremophile Galdieria, but absent from
Cyanidioschyzon (8), is also found in three classes of the SCRP
clade, but not in Porphyridiophyceae (Fig. 1 and SI Appendix,
Fig. S17).

Brawley et al.
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Fig. 1.

Distribution of cytoskeletal motor proteins (kinesin, cytoplasmic dynein, and myosin) in red algae compared with other select groups of Eukarya,

showing the reduced cytoskeletal capacity of red algal cells. Standard motor family nomenclatures for dyneins (104), kinesins (105), and myosins (106) are
used; for example, kinesins K1, K2, and K3 are cytoskeletal motors that move organelles and vesicles in many eukaryotes. Footnotes: *This may be a con-
taminating sequence. 'The Saccharomyces dynein complex has lost much of the functionality found in other organisms (104). *Additional, flagellar-related
dynein HC are not shown and are absent in red algae and many plants. SMyosins M8 and M11 are vesicle transporters in plants. "Galdieria and SCR members
of the SCRP clade (S/ Appendix, Fig. S11) have a myosin similar to myosin 27 of apicomplexans.

We found that the Porphyra genome encodes the expected
a- and B-tubulin proteins, as well as some proteins related to
tubulin folding (e.g., Porphyra contains cofactors B and D, but
not A or E) and microtubule nucleation (e.g., y-tubulin, y-complex
proteins) (SI Appendix, Tables S15 and S16). However, many of
the expected tubulin regulatory proteins that are widely distrib-
uted across eukaryotes and even found in other red algae
are missing. For example, Porphyra contains EB1 and Morl/
XMAP215, two highly conserved proteins of the MT plus-end
tracking (+TIP) complex, but the +TIP CLASP and the cross-
linker MAP65 appear absent, even though these highly con-
served genes are present in other red algae (SI Appendix, Table
S$16). Unknown as yet is whether Porphyra simply lacks these
activities, or has recruited other proteins to fill their roles. Por-
phyra and other red algae lost flagellar and cytoplasmic dynein
motors, intermediate chains, and most light chains. A dynein
heavy chain reported from C. crispus might be from a contami-
nant or horizontal gene transfer (SI Appendix, Table S16). Por-
phyra and other red algae retain a particular light chain that is
also conserved in flowering plants, which independently lost
flagellar motility (SI Appendix, Table S16). This dynein light
chain is expressed under abiotic stress and phytohormone
treatments in plants (28); thus, it may have a role in the stress
tolerance of Porphyra. In contrast to the loss of the dynein motor,
Porphyra does have representatives of several kinesin motor
subfamilies, specifically kinesins 5, 7, and 14, which are expected
to be involved in spindle assembly, kinetochore function, and
regulation of microtubule dynamics, respectively (Fig. 1 and SI
Appendix, Fig. S18 and Tables S15 and S16). Porphyra also
contains three divergent kinesins that usually group with the
mitotic motor kinesin 13. However, classic vesicle transport
motors (kinesin subfamilies 1, 2, and 3) appear to be absent in
Porphyra, which is particularly surprising considering the appar-
ent loss of myosins and dyneins.

Given the surprising paucity of motors, how do Porphyra cells
accomplish intracellular transport of membranes or other cargo?
One answer may be provided by the observation that the “mi-
totic” motor kinesin 14 (present in all sequenced red algae, see

Brawley et al.

Fig. 1) can act as a minus-end directed transporter in land plants
(reviewed by refs. 29 and 30). In addition, a few red algae do
contain members of the kinesin 4 subfamily (Fig. 1), which are
reported to be plus-end directed microtubule vesicle motors in
plants (31). However, Porphyra and most other sequenced red
algae lack this protein. Thus, unless kinesin 5 or kinesin 7 has
unexpected functionality, Porphyra and the majority of red algae
(BF clade) would also apparently lack a plus-end directed kinesin-
microtubule motor system. Taken together, these data show that
the paucity of motors explains the absence of cell streaming from
red algae including Porphyra.

One counterpoint to the frequent absence of near-ubiquitous
cytoskeletal proteins is that Porphyra does have two septins (S/
Appendix, Tables S15 and S16), filament-forming proteins that
are involved in cytokinesis, cell polarity, and membrane remod-
eling (22, 23). Regardless, our overall analysis of Porphyra and
other red algae with sequenced nuclear genomes [Chondrus (7),
Cyanidioschyzon (8), Galdieria (9), Porphyridium (10), Pyropia
(11)] indicates that the red algal cytoskeleton lacks the com-
plexity and diversity of cytoskeletal elements present in other
multicellular lineages (Fig. 1). Although it is possible that reg-
ulatory proteins are simply too divergent to recognize, the pau-
city of motors is especially apparent. We suggest that this
observation could help to explain long-standing questions about
morphological evolution in the red algae, including the lack of
parenchyma in these organisms. Compared with other multicel-
lular lineages (green algae/plants, brown algae, fungi, animals),
the abilities to form large cells and large multicellular structures
appear to be limited in the red algae. For example, the largest
cells in Porphyra are found in its holdfast, which is composed of
thousands of thread-like, slow-growing rhizoid cells that are
millimeters long, and some species of Griffithsia (32), which is a
subtidal florideophyte, have cells ~2-mm long. In contrast, large
cells filling special niches or functions evolved in multiple
freshwater and marine green algae, including coenocytes (1), as
germinating pollen tubes in land plants (33), as sporangiophores
in fungi (34), as nerve cells in animals (35), and as sieve elements
in brown algae (36). Maintenance of large cells would be expected
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to require vigorous multidirectional intracellular transport, which
seems unlikely with a motor repertoire as limited as that seen in
Porphyra and the other red algae with sequenced genomes (Fig. 1).

Similarly, brown algae (46-m kelps) (36), animals, and plants
assemble large, complex 3D body plans with true parenchyma,
but multicellular forms of red algae mostly consist of simple
filaments or filaments interwoven and tacked together by sec-
ondary pit plugs (1) (i.e., pseudoparenchyma). Red algae are
usually <50-cm long and only a few species reach 2 m in length
(36, 37). Fungi cannot make parenchyma, but saprophytic my-
celia grow to >50-m length (38). Failure of the red algae to form
large multicellular structures is not straightforwardly attributed
to cytoskeletal limitations; however, plants, which retain two
motors (myosin, kinesin) despite their independent loss of dy-
nein, suffer serious stunting and other developmental abnor-
malities following gene knockouts of myosins (23, 39). Analysis
of major transcriptional and developmental regulators does not
offer a compelling explanation for why red algae have failed to
evolve tissues comparable to those in brown algae, plants, and
animals (40). Taken together, our comparative analysis of the
genomes of Porphyra and other red algae leads us to speculate
that the small number of cytoskeletal elements in red algae
compared with those in other multicellular lineages (Fig. 1) has
constrained the ability of red algae to develop larger, more
complex cells and multicellular structures.

Stress. The ecological success of Porphyra and many of the closely
related bangiophyceans (37, 41) in the intertidal zone suggests
that these species developed cellular mechanisms to cope with
this harsh environment. In particular, Porphyra grows from the
mid-to-high intertidal zone, where it is routinely exposed during
daily low tides to high light, desiccation, and extreme fluctuations
in temperature and salinity. Blades can lose up to 95% of their
water on some days, but are metabolically active as soon as they
are rehydrated by the rising tide (24). Here we infer novel
adaptations to cope with these stresses.

Photoprotection. Light is required for photosynthesis, but severe
cellular damage can result from exposure of photosynthetic or-
ganisms to the high levels of light (visible and UV) that are
present in the mid-to-high intertidal zone where most bangio-
phycean algae, including Porphyra, grow. Porphyra has the same
complement of genes (SI Appendix, Table S19) to carry out
photosynthesis as other red algae, but exhibits a notable set of
photoprotection strategies. Among the 13 genes encoding chlo-
rophyll a-binding light-harvesting complex proteins are two
“RedCap” genes (42), which may be involved in reorganization
of the photosynthetic antenna during the shift from darkness to
light (43). Porphyra also has 11 genes encoding “high light-in-
duced” or “one-helix” proteins (here OHPs) that have essential
roles for photoacclimation and cell viability under stressful en-
vironmental conditions (43, 44). Mechanistically, OHPs may
regulate chlorophyll and tetrapyrrole biosynthesis, stabilize
photosystem I (PSI), bind free chlorophyll or chlorophyll-
breakdown products from damaged PSII complexes during the
damage/repair cycle, or bind carotenoids that dissipate excess
absorbed light energy. In contrast to the 11 Porphyra OHPs (SI
Appendix, Table S19), we found 4 OHPs in Chondrus, which
experiences less drying and light stress because of its low in-
tertidal/subtidal habitat, 6 in P. yezoensis, 7 in Porphyridium, and
only 1 OHP in Cyanidioschyzon, which inhabits a stable hotspring
environment (SI Appendix, Photosynthesis, Photoprotection, Stress
Genes). More analysis is needed, but the putative gene family
expansion in Porphyra suggests positive selection for increased
gene dosage. Porphyra was one of the first organisms where
quenching of excess excitation energy in response to desiccation
stress was observed (44), but the molecular mechanisms re-
sponsible for this quenching in red algae remain unclear.

4 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1703088114

Porphyra encodes genes for catalases and peroxidases, as well
as the biosynthesis of numerous antioxidants, such as ascorbic
acid (vitamin C) and tocopherol (vitamin E) (SI Appendix, Ta-
bles S20-S22). When overexcitation of photosynthetic electron
transport occurs and reactive oxygen is generated, catalase de-
toxifies hydrogen peroxide in red algae, and the expansion of the
catalase gene family in Porphyra and Pyropia (five genes) (SI
Appendix, Table S21) compared with other red algae (one to two
genes) could reflect the demand for detoxification of reactive
oxygen species that cannot diffuse away from blades exposed by
the falling tide to high light and air while they are still hydrated
and photosynthetically active. Tocopherols prevent photooxidative
damage of polyunsaturated fatty acids (45), and the Porphyra
y-tocopherol methyl transferase (SI Appendix, Table S22) cata-
lyzes synthesis of a- and p-tocopherol. The isomer composition is
unknown, but a-tocopherol has been identified in Porphyra blades
and is considered the more potent antioxidant (46, 47). The
32 heat shock proteins (Hsp) in Porphyra indicate a possible ex-
pansion of the Hsp40 family (SI Appendix, Table S20), which
are cochaperones of Hsp70 and play an important role in
protein maturation and repair under normal and stressed
conditions (48, 49).

Porphyra is frequently exposed to elevated intensities of
UV radiation in the intertidal zone and shows remarkable
tolerance to both UV-A and UV-B (50, 51). Porphyra has at
least two strategies to protect photosynthesis and other key
cellular processes from UV damage: mycosporine-like amino
acids (MAAs) and circadian control over the timing of UV-
sensitive processes.

MAA:S act as “sunscreens” and comprise up to 1% of the dry
weight of Porphyra, with the compound porphyra-334 being the
major MAA (51). Four proteins—MysA, MysB, MysC, and
MysD—support the biosynthesis of the MAA shinorine in cya-
nobacteria, such as Nostoc (52, 53), whereas MysD is replaced by
a nonribosomal peptide synthase in Anabaena (Fig. 2). Cyano-
bacterial MysD shows a relaxed substrate specificity, with con-
densation of threonine instead of serine onto mycosporine-
glycine to yield porphyra-334 (53). The Porphyra genome
contains a gene encoding a MysA and MysB protein fusion that
is also found in several other red algae that synthesize MAAs, as
well as in some dinoflagellates, which were proposed to have
acquired the still separate but neighboring genes from a cyano-
bacterium (54) (Fig. 2 and SI Appendix, Figs. S23 and S24). The
presence of the MysA-MysB fusion in red algae suggests that
dinoflagellates could have acquired these genes from red algae
through secondary or serial endosymbiosis (54) (SI Appendix,
Fig. S23). Moreover, Porphyra and related species contain a gene
encoding a MysC-MysD fusion protein, and in the Porphyra
genome the MysA-MysB and MysC-MysD fusion genes are next
to each other but transcribed on opposite DNA strands with
adjacent 5’-ends (Fig. 2). Although the Chondrus genome also
contains clustered Mys4A-MysB and MysC-MysD, the fusion
proteins are encoded on opposite strands with the 3’-ends of
the genes adjacent. Conservation of the MAA gene cluster in
Porphyra and Chondrus and the two gene-fusion events suggest
that this arrangement provides a selective advantage and effi-
cient MAA biosynthesis for red algae that experience high
UV irradiance.

Developmental and abiotic stress responses are often associ-
ated with photoreceptors in eukaryotes. The plant circadian
clock contains blue- and red-light photoreceptors, including
cryptochromes (CRY) and phytochromes (PHY), to entrain the
circadian clock (55, 56); these photoreceptors are also involved
in other fundamental processes in plants, including growth and
development. Porphyra does not appear to encode a PHY pho-
toreceptor or a typical plant CRY photoreceptor, although it has
maintained four genes of the CRY/photolyase family. The Por-
phyra CRY that is most like plant CRYs is similar to a DNA
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photolyase (PHR2) (SI Appendix, Fig. 27 and Table S26) (57). In
contrast, other red algae seem to encode plant CRYs; however,
these group closely to the cyclobutane pyrimidine dimer class I11
photolyases (58) in some cases (SI Appendix, Fig. S27). Porphyra
also encodes a class II cyclobutane pyrimidine dimer photolyase
(Pum0022s0035.1) as well as a CRY-DASH protein (59)
(Pum2644s0001.1) in a separate subfamily of CRYs that displays
DNA repair activity; these proteins are present from bacteria to
vertebrates (59). In addition, there is an animal-like CRY
(Pum0401s0002.1) encoded on the Porphyra genome (SI Ap-
pendix, Fig. S27). Animal-like CRYSs could function as blue-light
photoreceptors associated with the entrainment of the circadian
clock, as they do in Drosophila and some other insects, or could
even add an oscillatory component to the clock, as in mouse or
humans (59). The animal-like CRY in Porphyra is closely affiliated
with the cryptochrome photolyase family (e.g., Ostreococcus tauri,
Phaeodactylum tricormutum in SI Appendix, Fig. S27), which has
maintained photolyase activity (60, 61), in contrast to other plant
and animal-like CRYs. Moreover, cryptochrome photolyase
family CRY can affect transcriptional activity in a heterologous
clock system (e.g., mammalian CRY) and control blue-light—
dependent cellular processes, as found with insect or plant CRYs
(60, 61). Similar to the Chlamydomonas reinhardtii animal-like CRY
(aCRY), the Pum0401s0002.1 protein could sense blue light and
possibly other light qualities, including red light (62, 63); this red-
light sensing ability stems from the formation of the neutral
radical form of the photoreceptor’s flavin chromophore.

Signaling and Homeostasis. Porphyra must cope with significant
osmotic and ionic stress in the intertidal zone. Several low mo-
lecular weight carbohydrates act as compatible solutes in red
algae, including Porphyra (64-66). We found enzymes encoded
on the Porphyra genome that support floridoside and iso-
floridoside synthesis, but no evidence for digeneaside synthesis
(81 Appendix, Table S31). Taurine is a likely osmolyte in Porphyra
(67), and we found homologs of enzymes, such as cysteine
dioxygenase, implicated in metazoan taurine biosynthesis, which
suggests an ancient origin for eukaryotic biosynthesis of this
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amino acid derivative (SI Appendix, Table S31). Porphyra also
has a wide range of ion transporters, including an unusual class of
Na*/H* exchangers that are most similar to the NhaP class of
transporters from a-Proteobacteria and are distinct from the Na*/H*
exchangers previously identified in eukaryotes. Porphyra has two
P2C-type Na*/K* ATPases and a P3A H"-ATPase similar to
those in land plants, suggesting Porphyra is able to energize its
plasma membrane with either Na* or H* for secondary active
transport, which could aid its survival in the intertidal zone (S
Appendix, Table S31). The Porphyra genome also contains a
range of Ca**-permeable membrane channels that could play a
role in osmotic stress signaling, including two homologs of
OSCA (SI Appendix, Table S31), a recently identified Ca®*
channel in land plants (68); however, the Ca** sensor kinases
through which Porphyra senses and responds to cytosolic Ca**
elevations appear to be distinct from land plants and, indeed,
from those of all other eukaryotes.

Land plants possess two expanded families of Ca®* sensor
kinases, the Ca”"-dependent protein kinases (CDPKs) and the
calcineurin B-like protein (CBL)-interacting protein kinases
(CIPKs), which are activated through the binding of CBL (69,
70). The CIPKs have been characterized extensively in the green
lineage (Viridiplantae), and they are present in other eukaryotes,
including stramenopiles, haptophytes, and excavates, suggesting
a likely origin early in eukaryotic evolution (71). Surprisingly, we
found that genes encoding CIPKs and CBLs are absent from the
Porphyra genome and from all other available red algal genomes
and transcriptomes. The CDPKs are also absent from Porphyra
and notably from other bangiophytes and florideophytes, but
they are present in red algae in the SCRP clade (Fig. 3; compare
SI Appendix, Fig. S11 and Table S32). Another class of Ca**
sensor kinases, the Ca**/calmodulin-dependent protein kinases
(CAMKS), which are important in both plants and animals, are
also missing in Porphyra. This finding suggests that much of
the extensive network of Ca** sensor kinases found in other
eukaryotes is absent in the red algae (Fig. 3). Whereas the
Porphyra genome encodes several proteins with domains similar
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Fig. 3. Module structure and presence or absence of different Ca®* sensor
kinases in Porphyra and other eukaryotes: CAMK, CIPK, CDPK, CDTKL. The
CDTKLs from Porphyra and other red algae represent a newly recognized
family of protein kinases belonging to the TKL family that contains multiple
Ca*-binding EF hands.

to the kinase domains of CAMKSs, CDPKs, and CIPKs, there is
no indication that these proteins are regulated by Ca®* or
Ca>*-binding proteins. Instead, we found that Porphzyra possesses a
class of Ca®" sensor kinases with two to three Ca”*-binding EF-
hand domains at the N terminus and a kinase domain at the C
terminus (Fig. 3 and SI Appendix, Tables S32 and S33). The kinase
domain from all known Ca®* sensor kinases belongs to the CAMK
group of kinases, whereas this uncharacterized protein belongs to
the tyrosine kinase-like (TKL) class of kinases (72, 73). The genes
encoding homologous proteins are present on many other red algal
genomes, including Chondrus, Cyanidioschyzon, and Galdieria, but
appear to be absent from all other characterized eukaryotic ge-
nomes. Hence, the Ca?*-dependent TKLs (CDTKLs) represent a
newly recognized class of Ca**-regulated kinases that appear to be
unique to red algae (Fig. 3).

The sucrose nonfermenting-1-related kinase (SnRK) family of
serine/threonine kinases plays important roles at the interface
between metabolic and stress signaling from fungi (yeast) to land
plants (74). There are 38 SnRKs divided into three subclasses
(SnRK1, -2, -3) in Arabidopsis, and the Porphyra genome encodes
31 proteins with homology to the kinase domains of Arabidopsis
SnRK proteins (SI Appendix, Fig. S34). Phylogenetic analysis
places the Porphyra SnRK group in two clades that include
Arabidopsis SnRK1 and SnRK3/CIPK, and a third expanded
clade containing 19 unique members (SI Appendix, Fig. S34).
Although no Porphyra SnRKs are most similar to the SnRK2
subfamily of Arabidopsis, several members of the SnRK3/CIPK
clade contain motifs similar to the C-terminal domain II of
SnRK2 (SI Appendix, Fig. S34), which mediates interaction with
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PP2C in the abscisic acid (ABA) signaling pathway (75, 76).
Furthermore, there are homologs of several ABA biosynthetic
genes in Porphyra (SI Appendix, Fig. S354), and ABA synthesis
and responses to exogenous ABA are reported for Pyropia
orbicularis (77). Although highly speculative, the evidence raises
the possibility that the SnRK family plays important roles in
stress responses including ABA-mediated responses in Porphyra.
Genomic data also support the presence of ethylene-mediated
regulation in Porphyra, because the Porphyra genome contains
genes encoding several proteins involved in ethylene biosynthesis
(SI Appendix, Fig. S35B), and ethylene was detected and shown
to induce stress responses in red algae (78).

The cell cycle is regulated by dimers of cyclins and cyclin-
dependent kinases (CDKs). Except in C. merolae, where circa-
dian rhythms and stress responses regulate the G;/S transition
(79), the red algal cell cycle is not well characterized. Results
here, coupled with the earlier studies of C. merolae, show that
regulation of the red algal cell cycle is similar to that of meta-
zoans and plants (80, 81), except that we did not find cyclin D
encoded in any red alga, including Porphyra (SI Appendix, Table
S37). Cyclin Ds are well conserved in all other eukaryotes where
they regulate the G,/S transition. The mitotic-specific cyclin A
(CYCA), a known cell-cycle progression regulator, might instead
function in place of D-type cyclins in red algae. We found that
the glaucophyte (Archaeplastida) Cyanophora paradoxa (2) also
lacks a cyclin D homolog.

Plant Defense Genes. Bangiophyte pathogens include some oomy-
cetes, viruses, and bacteria, and these organisms sometimes cause
serious economic losses to nori aquaculture. Land plants detect
pathogens via an array of cell surface pattern-recognition recep-
tors (e.g., receptor-like kinases) and intracellular receptors (e.g.,
nucleotide-binding domain and leucine-rich repeat proteins) (82).
We found no evidence for this higher plant type of pathogen
detection, but two families of intracellular ligand-binding protein
containing NB-ARC domains, and a family of potential extracel-
lular receptors containing malectin and Ig-like fold-domains, were
found in the multicellular red algal genomes (SI Appendix, Fig.
$38). We also found a bangiophyte-specific family of at least three
proteins harboring VWFA and C-type lectin domains (S Appendix,
Table S39); C-type lectin domains are involved in pathogen de-
tection in some animals (83, 84).

Cell walls. Red algae synthesize many unique polysaccharides,
such as agars that contribute to their ecological success and are
of significant interest to biotechnological and industrial appli-
cations. The cells of the blade of Porphyra spp. form a nonrigid
cell wall that plays an important role in osmotic acclimation by
allowing dramatic changes in cell volume without plasmolysis
(85, 86). The skeletal component of the cell wall of blade cells is
not cellulose but partially crystalline $-1,4-linked mannan in the
outer cell wall, with a highly crystalline inner layer of p-1,3-linked
xylan (87, 88). We discovered two glycosyltransferase (GT2)
enzymes (Fig. 4 and SI Appendix, Table S40) in Porphyra that are
closely related to plant cellulose synthase-like (CSL) CSLAs
(mannan synthases) and CSLCs (xyloglucan synthases) and the
green algal CSLs proposed to be implicated in mannan synthesis
(89, 90). These Porphyra GT2 enzymes represent excellent can-
didates for mannan synthases, and their discovery in Porphyra
suggests that both CSLA and mannan biosynthesis originated in
the last-common ancestor of green and red algae, rather than in
the Viridiplantae, as previously proposed (89). These findings
suggest that mannans had an ancestral function in red algae,
although it appears the Florideophyceae abandoned mannans for
cellulose, whereas the Bangiophyceae alternate between a mannan/
xylan-based cell wall in the gametophytes and a cellulose-based cell
wall in the filamentous sporophytes. The Porphyra genome has two
genes encoding glycosyl hydrolases (GH) of the GH113 family,
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(gray). The proteins were aligned using MAFFT with the L-INS-I algorithm and the scoring matrix Blosum62 and then manually refined with BIOEDIT. The
phylogenetic tree was calculated using maximum likelihood in MEGA 6.06. See S/ Appendix, Table S42 for full names and GenBank accession numbers.

Bootstrap values > 65% are shown at nodes.

which are predicted to be p-mannanases, indicating that Porphyra
has the enzymes required for both the biosynthesis and degradation
of mannans present in the cell walls of the blade.

The extracellular matrix (ECM) component of the cell wall in
Porphyra is a highly hydrated agar called porphyran that limits
desiccation and contributes to the flexibility of the cell wall
during osmotic stress (91) (SI Appendix, Figs. S41 and S45 and
Table S40). Porphyran is mainly composed of porphyranobiose
but also contains varying percentages of agarobiose (92). The
Porphyra genome encodes a family 2 carbohydrate sulfotransferase
(ST2) that may act as a L-galactose-6-O-sulfotransferase in
the biosynthesis of porphyran (SI Appendix, Table S40). After
C. crispus, the closest related homologs to this red algal sulfo-
transferase are found in metazoans (Nematostella vectensis, sea
anemones) and the closest characterized enzymes are dermatan
and chondroitin 4-O-sulfotransferases; similarly, the Porphyra
GT7, after the C. crispus GT7, is most similar to metazoan GT7s
(Acropora digitifera, staghorn corals) and the closest character-
ized enzyme is chondroitin sulfate N-acetylgalactosaminyl-
transferase 2 (Homo sapiens). These findings lend support to the
ancestral nature of the biosynthesis of sulfated polysaccharides in
the eukaryotes. Homologous carbohydrate sulfotransferases are
indeed conserved at least in metazoans, brown algae, and red
algae, so were most likely present in the last-common eukaryotic
ancestor (91, 93). Genes encoding carbohydrate sulfotransferases
are not found in sequenced genomes of terrestrial plants and
freshwater algae, but marine angiosperms have, relatively recently,
readapted to the marine environment by developing an ECM
containing sulfated polysaccharides through an unknown mecha-

Brawley et al.

nism of convergent evolution (94). This speaks to the critical role
of sulfated ECMs in high-salinity environments (physiological sa-
line and seawater). The Porphyra genome encodes three GH16
enzymes that form a clade with other red algae and with the
agarases and porphyranases from marine bacteria (SI Appendix,
Fig. S41). These enzymes likely function in cell wall remodeling
and are unknown in unicellular red algae, which supports the
possible involvement of bacteria in the evolution of multicellular
algae (95).

Obtaining Nutrients at High Tide. We found that Porphyra has genes
for Fe-uptake mechanisms that likely lend specificity and enable
high-affinity assimilation during the narrow tidal window when
blades are underwater (Fig. 5 and SI Appendix, Table S46). In
addition to several putative Fe** transporters of the NRAMP
and ZIP family proteins (which are typically broad-specificity
divalent metal transporters) (96), the Porphyra genome en-
codes a high-affinity iron transport complex containing a per-
mease (FTR1) and multicopper oxidase (FET3 in yeast/FOX1 in
green algae) and members of the FEA and ISIP2a families.
The latter are related algal-specific protein families containing
secreted soluble proteins involved in iron assimilation and
membrane-bound iron-uptake facilitators (97, 98). Although
both iron-uptake strategies are found in microalgae, we were
surprised to find FTR1 and FOX1 homologs in a macroalga,
given the absence of this complex in higher plants and animals.
Based on an analysis of phylogenetic distribution, FTR1 homologs
are found in each of the three main Archaeplastida lineages
(Viridiplantae, Glaucophyta, and Rhodophyta) but were lost after
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Fig. 5. Phylogenetic profile of FTRT and FEA/ISIP2a homologs in photosyn-
thetic eukaryotes. Whether each organism is an alga, is multicellular, or lacks
true roots is indicated with a colored square, and the presence of a FTR1 or
FEA/ISIP2a homolog in that organism is indicated with a colored circle. The
same color is used to highlight the cooccurrence between a trait and a gene.
Among sequenced algae and plants, FTRT homologs are only encoded in
genomes of organisms that lack true roots, whereas FEA/ISIP2a homologs are
only encoded by algal genomes. Multicellularity does not correlate with the
presence of either protein family. The roots of Selaginella moellendorffii are
morphologically and evolutionarily distinct, but share characteristics with
true roots including a root cap and root hairs.

the transition to land when plants evolved true roots (Fig. 5).
Other inorganic and organic nutrient uptake and conversion ca-
pabilities appear similar to those described for other red algae
(e.g., Fig. 5 and SI Appendix, Fig. S51 and Tables S49, S52, and
S53), except that the number of ammonium transporters (seven
genes) (SI Appendix, Table S49) and intracellular copper trans-
porters [Pp-type ATPases; six genes (MTAL-6)] (SI Appendix,
Fig. S47 and Table S46) is greater in Porphyra, perhaps reflecting
the metabolic demands of life in the upper intertidal zone.
Porphyra (“laver”) and related genera (i.e., Pyropia, “nori”) are
commercially important human foods based on their high min-
eral, protein, and vitamin content (99) (see Fig. 5 and SI Ap-
pendix, Figs. S51 and S59 and Tables S55 and S56 for related
findings). No eukaryote synthesizes vitamin By, (cobalamin), but
Porphyra is a rich source of this organic micronutrient. Vitamin
By, is a required cofactor for B,-dependent methionine syn-
thase (METH), and Porphyra encodes both METH and METE,
the latter a Bjp-independent isoform of methionine synthase
(100). Methionine synthase plays a vital role in linking the folate
cycle, essential for DNA metabolism, and the methylation cycle
responsible for production of S-adenosylmethionine, the uni-
versal methyl donor. The presence of METH implies that Por-
phyra takes up By, from its abundant bacterial epiphytes (95),
and we found that Porphyra, unlike other sequenced red algae,
encodes both COBT and COBS. These enzymes are involved in
remodeling cyanobacterial-produced pseudocobalamin (101) to
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cobalamin, the particular chemical variant of By, that is bioactive
for eukaryotic algae, and indeed humans (SI Appendix, Table
S60). In Chlamydomonas, METE expression was found to be
suppressed under environmentally relevant levels of heat stress,
and survival was dependent upon thermally stable METH (102);
the fact that Porphyra is frequently heat-stressed in its upper
intertidal habitat might similarly explain why it retains both
isoforms of this enzyme. Interestingly, the nutritional value of
Porphyra appears to be directly related to the nutrient require-
ments for survival in a harsh habitat.

Summary

The red algae have long commanded attention because of the
1.2-Ga age of the multicellular bangiophytes, the unique in-
tricacies of their life histories, and their economic importance,
but genomic analysis of Porphyra sharpens our understanding of
just how different the red algae are from other eukaryotes. Be-
cause the cytoskeleton is so central to growth, development, and
the ability to respond to environmental signals, the paucity of
cytoskeletal elements in Porphyra and other red algae is striking.
Only kinesin motor proteins are universally present; dynein
motors are absent, and most of the red algae, including Porphyra,
appear to lack myosin. This minimal cytoskeleton offers a po-
tential explanation for the extreme reduction in stature and
complexity of red algae compared with most other multicellular
lineages. The unique calcium-dependent signaling pathway
further suggests that Porphyra may use distinctive mechanisms
to sense and respond to its environment. Most bangiophytes
including Porphyra live under harsh intertidal conditions.
Our discovery of ancestral mechanisms of cell wall formation,
an expanded array of UV/high-light/reactive oxygen species/
thermal protection strategies, and a wealth of nutrient transporters
encoded by the Porphyra genome helps to explain how these red
algae have thrived for over a billion years in the pounding waves,
baking sun, and drying winds of the high intertidal zone.

Methods

P. umbilicalis was isolated as an unialgal culture from a blade growing at
Schoodic Point, Maine (44°20'1.68" N; 68°3'29.14" W) on April 3, 2008. This
single isolate (103) was cloned by culture of progeny from its asexual neu-
tral spores, followed by DNA extraction, and assembly of the genome
from sequences produced using lllumina and Pac-Bio sequencing plat-
forms (see S/ Appendix, Methods for full details). This Whole Genome Shotgun
project has been deposited at DDBJ/ENA/GenBank under accession no.
MXAKO00000000. The version described in this paper is version MXAK01000000.
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Methods

Culture techniques and antibiotic treatment

Full culture techniques for the single genotypic isolate (Pum1) of haploid Porphyra umbilicalis
are as previously published (1). Puml has a generation time of 2.5-6 mo depending upon
temperature, nutrient and light levels. Material for the PacBio sequencing came from the 13"
generation. Prior to that time, the isolate was treated periodically with an antibiotic cocktail (100
mg/L penicillin, 25 mg/L streptomycin), which resulted in elimination of 75% of the bacterial
OTUs present on wild blades (2). A further antibiotic treatment (Table S1) was applied to blade
material that was prepared for final DNA extraction and [llumina/PacBio sequencing;
subsamples of blade tissue stained with the fluorescent DNA stain DAPI lost the bacterial
biofilm present on Day 1 by the end of the antibiotic treatment.



Table S1. Antibiotic treatment schedule for Pum1.
Final concentrations in the culture medium are provided. The blades were transferred to new
seawater media at the beginning of Days 1, 4 and Day 6 and flash-frozen on Day 9.

Antibiotic Days 1-3 Days 4-5 Day 6 Day 7-8 Source
ampicillin 0 200 mg/L 0 0 Sigma
carbenicillin 0 0 0 100 mg/L Sigma
cefotaxime 0 200 mg/L 100 mg/L 100 mg/L VWR
chloramphenicol 0 5 mg/L 0 0 Sigma
ciprofloxacin 0 20 mg/L 0 0 Sigma
gentamycin 0 100 mg/L 0 0 VWR
kanamycin 0 600 mg/L 50 mg/L 200 mg/L Sigma
neomycin 0 250 mg/L 0 0 Sigma
nystatin 0 5 mg/L 0 0 VWR
penicillin G 1g/L 1g/L 1g/L 1g/L VWR
polymyxin B 0 0 0 15 mg/L VWR
streptomycin 0 100 mg/L 0 60 mg/L Sigma

Nucleic acid preparation

Details of RNA extraction procedures and conditions used for producing ESTs are as previously
published (1). To generate a genome assembly with whole genome shotgun sequencing, five
DNA samples were prepared. For the first four preparations, we used a Carlson lysis buffer
containing 2% CTAB followed by a Qiagen Genomic Tip 500/G kit by the manufacturer’s
instructions and one round of cesium chloride gradient purification (3). Three of these DNA
preparations were used for pilot sequencing, and one was used for [llumina jumping library
construction (2 x 3 kb and 2 x 7 kb, Cre-Lox Random Shearing, sequenced at 2 x 300 bp, ~4x)
and deep Illumina fragment library construction (2 x 250 bp, 400, 800 bp insert, sequenced at 2 x
251 bp).

For generating DNA for PacBio sequencing, Pum1 material was quickly rinsed in sterile water
and flash-frozen in liquid nitrogen. Frozen material (1-2 g) was ground to a fine powder using a
mortar and pestle and resuspended in 10-20 ml sterile 0.1 M Tris, pH 8.0, 0.1 M NaCl with 2%
cetyl trimethyl ammonium bromide (CTAB, to promote precipitation of polysaccharides), and
added proteinase K (200 pg/ml). The solution was incubated at room temperature for about 60
min with gentle shaking. The debris was pelleted by centrifugation, and the supernatant extracted
sequentially with phenol, then phenol:chloroform (1:1), and then chloroform. Both nucleic acids
and the remaining polysaccharides in the aqueous phase were precipitated by 2 vol of ethanol.
The pellet was solubilized overnight (or longer when necessary), and the nucleic acid
resuspended in 10 mM Tris, pH 8.0, 1 mM EDTA with the addition of the fluorescent DNA dye
bisbenzimide at ~10 pg/ml followed by the addition of 1 g CsCl/ml. The solution was
centrifuged (10 min at 10,000 rpm, SS34 rotor) to remove debris, and the clarified solution was
centrifuged (12-14 h, 300,000 x g, VTi65 rotor). Multiple fluorescent bands were observed in
the gradient and collected individually. The high GC bands were screened by PCR to identify
bands enriched in Porphyra DNA. Sometimes the gradient was repeated for the individual bands
to further purify the material.



Genome sequencing and assembly

A pilot assembly (v0.75) was constructed from Illumina reads (Table S2) with ALLPATHS(4)
and screened for contaminants. This assembly was fragmented (23,884 contigs, contig L50 7.0
kb). Examination of EST hits on the scaffolds revealed that the larger scaffolds ( > 175 kb)
lacked EST hits, yet encoded many gene loci. This suggests the sequences come from one or
more contaminants that were not present in the sample used for expression sequencing.

Table S2: Sequencing for pilot lllumina assembly.
Fragment libraries were downsampled to the coverages shown for assembly.

Library Coverage Insert (bp, mean + SD) Sequence reads
UBBC 28.0x 371 +/- 40 2x251

WNSN 78.8x 808 +/- 80 2x251

YCGA 42.2x 410 +/- 40 2x251

AB5N2 4.0x 3,901 +/- 406 2x300

AB5NA 4.0x 7.234 +/- 514 2x300

IBIB 4.7x 7,212 +/- 495 2x300

IBIC 3.7x 3,954 +/- 395 2x300

Total 165.4x

An improved and highly contiguous (contig L50 = 189.9 kb) draft assembly was generated with
PacBio sequencing (57 cells, 26.9 Gbp total sequences, mean read length 7 kb) despite the 66 %
G + C-content that had impeded sequencing on the [llumina platform and biased recovery toward
enhancement of the number of lower G + C-content bacterial sequences (Table S2). The main
assembly was performed with a modified version of the Falcon 2.0 assembler (5), polished with
the standard QUIVER polishing pipeline (6), and screened for contaminating sequences from
organelles. A pilot [llumina-only assembly built with ALLPATHS (4) (see above) contained
contigs that were not present in the FALCON assembly. A total of 1,517 Illumina contigs
representing 3.9 Mbp of sequence was added to the V1.0 assembly. Scaffolds with homology to
mitochondrial or chloroplast sequence were partitioned out of the main genome into two separate
bins. Finally, homozygous SNPs and indels were corrected in the assembly by aligning ~220x of
[llumina reads (WNSN library, 2 x 250, 800 bp insert) to the assembly with BWA mem (7) and
identifying SNPs and indels with the UnifiedGenotyper tool from the GATK (8). A total of 33
out of the 50 homozygous SNPs and 2,331 out of 2,651 homozygous indels were corrected. The
remainder could not be fixed because they were so close to another polymorphism that the
GATK (8) UnifiedGenotyper pipeline was unable to resolve multiple close polymorphisms.

Genome partitioning

A draft annotation of genes on the scaffolds and subsequent visualization and inspection of 50
scaffolds chosen randomly among the 693 scaffolds longer than 25 kb showed that,
unexpectedly, scaffolds belonged to more than one bin. The three bins that were apparent could
be described as: Those with genes with EST support and more than one exon, assumed to be
Porphyra; those without EST support and more than one exon (an unexpected eukaryote present
in the Porphyra culture), and those without EST support and only single-exon genes (bacteria
present in the Porphrya sample, despite antibiotic treatment). Scaffolds shorter than 25 kb could
not be partitioned in this simple manner, so heuristic and principal component analysis (PCA)
was performed to separate the scaffolds into these three bins. The following parameters were



calculated for each scaffold: the number of loci with EST/RNA-Seq support; read depth in at
least one representative 454, single-cell, [llumina and PacBio sequencing effort; % GC; fraction
of blastx (9) hits to Uniref90 (10) protein that fell into these taxonomic groups: 1) Rhodophyta,
i1) Bacteria, Actinobacteria, Bacteriodetes/Chlorobi group, Planctomycetes, Proteobacteria, and
i11) Opisthokonta, other Eukaryota.

Using these parameters as guides, heuristic rules were iteratively developed by inspecting up to
ten scaffolds in each bin and modifying the rules to correct scaffolds partitioned into the wrong
bin according to expert review. The scaffolds were partitioned into the following bins: Porphyra
genome, bacterial metagenomes, other eukaryote genome, unknown. This process continued
until it was no longer possible to find clear examples of scaffolds that had been partitioned into
the wrong bin. This provided a robust partitioning for the larger scaffolds, but also included
scaffolds in the unknown bin explicitly as well as when it was impossible to tell whether they
were in the right bin. In addition, scaffolds could be misplaced owing to subjective errors in the
manual partitioning. Nonetheless, this provided a good starting point, particularly for scaffolds
with BLASTX and/or expression hits, typically > 25kb.

PCA analysis was performed on the parameters calculated for each scaffold listed above using
the prcomp() function in the built-in stats package in R (11) with data values scaled and centered.
PC1, PC2 and PC3 explained 45.55%, 18.40% and 9.24% of the variance, respectively. Scatter
plots of PC1-6 (Fig S3), with points colored by their heuristically-determined bin, showed that in
almost all pairwise combinations of principal component, the bins were overlaid on each other
and it was impossible to determine simple separators between the bins. However, in one plot,
PC2 vs. PC3, (Fig S3), the red, green and cyan points for the other eukaryote, Porphyra and
prokaryotic contaminant bins were well-separated, approximately along the axes PC2=0 and
PC3=0.
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Figure S3: Principal components analysis of scaffolds

In order to find combinations of principal components that separated the scaffolds into correct
bins as accurately as possible, we generated a grid of scatter plots of all pairwise combinations
of principal components 1-6 plotted against each other where each dot is a scaffold, colored by
its heuristic bin membership (see legend on right). Inspection of this plot was used to choose a
pair of PCs that give the best separation of the heuristic bins, although these contain errors,
particularly away from the centroid of the population.

Inspection of the parameters for the scaffolds on either side of the axes showed that heuristic bin
placement was often with low confidence and that the PC2 = 0 axis acts as a good separator
between Porphyra scaffolds and the other bins, which could in turn be separated by the line PC3
= 0.2 that kept well-characterized, larger scaffolds in their expected bins (Fig S3).

These two partitions enabled scaffolds to be placed in bins accordingly:
PC2 > 0 = Porphyra
PC2 <0 and PC3 > 0.2 = other eukaryote
PC2 < 0 and PC3 <0.2 = bacteria

Lastly, manual inspection of known Porphyra genes revealed that 97 scaffolds had been placed
in other eukaryote or bacterial bins by the PCA. At least 0.05 loci with Porphyra ESTs/kb were
found on these scaffolds, consistent with their belonging to the Porphyra genome bin, and this
characteristic was used to move them into that bin (Table S4).



Remaining antibiotic-resistant bacteria and the principal eukaryotic contaminant may influence
Porphyra’s ecological niche or they may be hitch-hikers. The longest associated bacterial
scaffolds (~ 5 Mb) could represent near-complete chromosomal assemblies. Representation was
predominantly from Proteobacteria, with some sequences from Planctomycetes and the
Bacteroidetes/Chlorobi group. Analysis of these scaffolds will be pursued separately.



Table S4: Genome assembly summary
Summary statistics for the three bins into which scaffolds were separated

Statistic Porphyra Other eukaryote Bacteria

% GC 65.78 60.21 56.19

Main genome scaffold total 2,125 180 847

Main genome contig total 2,183 180 847

Main genome scaffold sequence total 87.7 Mb 21.2 Mb 64.5 Mb

Main genome contig sequence total 87.6 Mb (0.1% gaps) 21.2 Mb (0.0% gap) 64.5 Mb (0.0% gaps)
Main genome scaffold N/L50 130/202.0 kb 17/473.0kb 14/872.0 kb

Main genome contig N/L50 137/188.0 kb 17/473.0kb 14/872.0 kb

Number of scaffolds > 50 kb 436 58 154

% main genome in scaffolds > 50 kb 88.4% 93.8% 86.2%

De novo repeat finding and repeat masking

RepeatModeler v1.0.8 (12) is a de novo repeat sequence finder and was run on the Porphyra
assembly to generate a library of repetitive sequences.

Repeat Modeler is not able to distinguish between highly-abundant sequences that are members
of families of transposable elements or large families of protein-coding genes. Annotation of the
initially predicted repeat sequences with Pfam (13) and PANTHER (14) domains was used to
categorize the repeat sequences into those with annotations corresponding to known genes (24
sequences were removed from the repeat library); those that were associated with transposable
elements (945 sequences; these were kept in the repeat library) and the remaining 50 sequences
that needed manual inspection, after which 30 were retained and added to the 945 sequences.
These were then filtered to remove sequences 100 bp or shorter, making a library of 943 repeat
sequences with median length 727 bp and totaling 1,295,558 bp.

Classification of the repeat sequences with RepeatMasker (15) is part of the Repeat Modeler
pipeline; however, this left many repeat sequences unclassified. Recently, TEclass (16) was
developed to classify transposable elements in repetitive sequence, and this was used to fill in
classifications that RepeatMasker omitted.

The resulting library of repetitive sequences was used to mask 38.5 Mbp (43.9%) in the genome

with RepeatMasker (15). Some of these sequences were from unknown families, but 17.0 % of
the assembly is represented by various LTRs and 17.7 % by DNA-transposons (Table S5).
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Table S5: Repeat content of Porphyra genome

Repeat Class and family Masked Percentage

(bp) of genome
DNA 11,041,644 12.59%
DNA/CMC-Chapaev 259,060 0.30%
DNA/CMC-EnSpm 430,600 0.49%
DNA/MULE-MuDR 418,409 0.48%
DNA/PIF-Harbinger 2,521,640 2.88%
DNA/TcMar-Ant1 129,502 0.15%
DNA/TcMar-Fot1 90,662 0.10%
DNA/TcMar-ISRm11 145,378 0.17%
DNA/TcMar-Tigger 292,070 0.33%
DNA/TcMar-m44 94,756 0.11%
DNA/hAT-Tag1 57,087 0.07%
DNA/hAT-hAT1 21,058 0.02%
LINE 2,990,223 3.41%
LINE/L1-Tx1 46,810 0.05%
LINE/L2 61,812 0.07%
LINE/Penelope 323 0.00%
LTR 5,719,306 6.52%
LTR/Copia 2,827,172 3.22%
LTR/DIRS 64,383 0.07%
LTR/ERVL 14,769 0.02%
LTR/Gypsy 5,934,981 6.77%
LTR/Ngaro 131,465 0.15%
LTR/Pao 35,115 0.04%
Retro 3,049,480 3.48%
SINE 101,880 0.12%
SINE/tRNA-Deu-L2 20,095 0.02%
Unknown 1,729,930 1.97%
nonLTR 26,000 0.03%
rRNA 249,557 0.28%
TOTAL 38,505,167 43.91




RNA-Seq and expressed sequence tag (EST) expression analysis

Three 2 x 100 bp Illumina Hi-Seq stranded libraries were sequenced for RNA-Seq with a 300 bp
insert. Libraries were constructed and sequenced from three regions: blade margin with mature
neutral spores, inner blade area with differentiating neutral spores, and central vegetative area.
All reads were deposited in the GenBank Sequence Read Archive (accessions SRX115571,
SRX115570, SRX115569). They comprise ~ 227 million (226,967,371) read pairs, 45.4 Gbp in
total. These reads were aligned to the genome with gmap and assembled into transcripts with the
in-house tool pertran generating 30,011 transcript assemblies.

Expressed sequence tag (EST) sequences were previously generated on the 454 platform and
filtered (1, 17) from P. umbilicalis (2,152,212 sequences) and P. yezoensis (a closely-related
species, 1,265,156 sequences). These data sets were separately aligned to the genome with gmap
and assembled with the in-house tool pertran, generating 4,948 and 3,625 transcript assemblies,
respectively.

Gene model prediction

In order to predict gene models, we first determined gene loci in the genome as follows. The
transcript assemblies were aligned to the genome with PASA (18) (95% identity and 40%
coverage for P. umbilicalis and 90% identity and 50% coverage for P. yezoensis assemblies).
Predicted protein sequences from Cyanidioschyzon merolae (19), Chondrus crispus (20),
Cyanophora paradoxa (21), Porphyridium purpureum (22), Galdieria sulphuraria (23), Pyropia
yezoensis (24), and Swissprot (25) were aligned to the soft-masked genome sequence with
BLASTX (9) and Exonerate (26). Regions with hits from expression data and/or protein
homology were extended up to 2 kb at each end unless an adjacent locus on the same strand was
reached. These footprints of homology and/or expression evidence in the genome define gene
loci and were used as seeds for homology-based gene prediction with FGENESH+ (27),
FGENESH_EST (similar to FGENESH+, EST as splice site and intron input instead of
protein/translated ORF), and GenomeScan (28). The best predictions (based on support from
expression and protein homology, but penalized for overlap with masked repeats) were improved
with PASA (18), including addition of terminal untranslated regions (UTRs), correction of splice
sites and addition of alternative splice forms, all based on expression evidence. These improved
gene models were filtered based on the following statistics of C-score and protein homology
coverage. C-score is a BLASTP score ratio to the BLASTP score of the best hit and protein
coverage is the highest percentage of protein aligned to the best of homologs. PASA-improved
transcripts were selected based on C-score, protein coverage, EST coverage, and its CDS
overlapping with repeats. A transcript was selected if its C-score was > 0.5 and protein coverage
was > 0.5, or it had EST coverage, but its CDS overlapping with repeats was less than 20%. For
gene models whose CDSs overlapped with repeats for more that 20%, C-scores had to be at least
0.7 and homology coverage at least 70% to be selected. The selected gene models were subject
to Pfam and Panther analysis and gene models with Pfam/Panther domains associated with
transposable elements were removed. This generated annotations at 13,125 loci with 235
alternative splice forms (Table S6). Data were deposited to NCBI within the BioProject
PRINA234409 and as Whole Genome Shotgun project MXAKO00000000m version
MXAKO01000000 to DDBJ/ENA/GenBank. The genome is also available from the JGI plant
genomics portal Phytozome (https://phytozome.jgi.doe.gov).
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Table S6. Annotation summary statistics

Protein homology was calculated by BLASTP (9) with an E-value cutoff of 1E-5 alignment
coverage of the protein by proteins from UniRef90 (10) or other sequenced red algal genomes

Primary transcripts (loci) 13,125
Alternate transcripts 235
Total transcripts 13,360
For primary transcripts

Average number of exons 1.9
Median exon length 579
Median intron length 203
Gene models with any EST overlap in CDS 7,816
Gene models with EST support over 100% of their lengths 4,413
Gene models with EST support over 90% of their lengths 4,977
Gene models with EST support over 75% of their lengths 5,436
Gene models with EST support over 50% of their lengths 6,145
Gene models with protein homology coverage of 100% 1,147
Gene models with protein homology coverage of over 90% 3,590
Gene models with protein homology coverage of over 50% 6,636
Gene models with any protein homology 8,206
For all gene models

Number of complete genes (start to stop) 12,287
Number of genes with start but no stop 325
Number of genes with stop but no start 469
Predicted proteins with Pfam annotation 4,790
Predicted proteins with Panther annotation 4,314
Predicted proteins with KOG annotation 2,529
Predicted proteins with KEGG Orthology annotation 2,347
Predicted proteins with E.C. number annotation 2,595

The G + C percentage of the coding regions of the Porphyra genome is high, averaging ~72 %,

but rising to gene models as high as ~94% (Figs. S7, S8, Table S9)). This made the sequencing

process difficult, and it also made gene prediction harder, because the sequence had reduced
complexity, complicating alignment and homology searches. Furthermore, gene features like
splice sites and stop codons require A and T bases and their rarity in the genome causes gene
prediction algorithms to over-predict exon sequence. Over-prediction of repeats and gene loci

was reduced by modifying gene prediction parameters to make them more stringent after manual
review of a curated set of nearly 100 genes. Where this improvement occasionally led to failure

to predict gene models with strong support (e.g., by ESTs), we defined the model by its
approximate region of homology to EST contigs, and such regions are listed in the annotation

tables that follow by their scaffold positions.
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Figure S7: Histogram of G+C-content (%) in primary transcript sequences in
Porphyra gene models.
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Comparative analysis of red algal G + C content
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Figure S8: Coding G + C- contents in 13 red algal species.

Porphyra and Pyropia are shown in red. (A) Species are sorted by GC values in a descending
order. (B) Species are ordered according to red algal phylogeny(29). Marine macrophyte
representatives include species in Bangiophyceae and Florideophyceae. Marine unicellular
representatives are Erythrolobus australicus (Porphyridiophyceae), Timspurckia oligopyrenoides
(Porphyridiophyceae), Porphyridium purpureum (Porphyridiophyceae), and Rhodosorus
marinus (Stylonematophyceae), and small filaments are Compsopogon caeruleus
(Compsopogonophyceae) and Purpureofilum apyrenoidigerum (Stylonematophyceae). U:
unicells; F: filaments; M: macrophytes.

15



Table S9: Sequence data for G + C studies
Genome and transcriptome data used to study coding region G + C-content and amino acid
composition (see Fig. S8).

Taxon Data type References
Porphyra umbilicalis Whole genome This study
Pyropia yezoensis Partial genome (24)
Erythrolobus australicus Transcriptome (30)
Porphyridium purpureum Whole genome (22)
Purpureofilum apyrenoidigerum Transcriptome (31)
Cyanidioschyzon merolae Whole genome (19)
Chondrus crispus Whole genome (20)
Rhodosorus marinus Transcriptome (30)
Compsopogon caeruleus Transcriptome (30)
Calliarthron tuberculosum Partial genome (32)
Hildenbrandia rubra Transcriptome (31)
Timspurckia oligopyrenoides Transcriptome (30)
Galdieria sulphuraria Whole genome (23)

Analysis of genome completeness

In addition to analysis based on mapping ESTs to the assembly (see main text), a high degree of
completeness is supported by careful examination of 41 informational genes and RNA
polymerases I, II, and III (Table S10). The assembled Porphyra genome contains 40 of the 41
genes examined (Table S10), including a full complement of genes for all subunits of RNA
polymerase I, II, and III.

Table S10. Analysis of presence of 41 core informational genes involved in

transcription, translation and DNA replication.

Genes included were based initially on informational genes involved in transcription, translation,
and DNA synthesis that were present in the CEGMA data set (33), with supplementation with
RNA polymerase |, Il and Ill subunits. All sequences were further screened to verify that they
were carried as single-copy (no paralogous families) genes across eukaryotic diversity, with
only recent, organism-specific duplications allowed. MCM4 is the one gene out of the 41
examined that is missing from the Porphyra genome. It is present in most other red algae, but
also is missing from the P. yezoensis genome, meaning this could be a gene loss from the
Bangiales rather than evidence of an incomplete genome.
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Gene Defline Porphyra gene Length Expression | E-value

symbol (aa) support

RPA1 RNA polymerase (RNAP) |, Pum0220s0021.1 1607 yes 4.0E-75
largest subunit

RPB1 RNAP I, largest subunit Pum0177s0031.1 1561 yes 0

RPCA1 RNAP l1, largest subunit Pum0177s0015.1 1592 yes 0

RPA2 RNAP |, 2nd largest subunit Pum0107s0041.1 1274 yes 0

RPB2 RNAP I, 2nd largest subunit Pum0087s0034.1 1235 yes 0

RPC2 RNAP I, 2nd largest subunit Pum0451s0002.1 1233 yes 0

RPB3 RNAP I, 3rd largest subunit Pum0112s0005.1 342 yes 9.0E-87

RPAC1 RNAP 1, lll, common subunit Pum0711s0005.1 417 yes 2.0E-87

RPB4 RNAP I, subunit 4 Pum0260s0026.1 165 yes 4.0E-86

RPABC1 RNAP 1, II, lll, common subunit 1 Pum1325s0003.1 212 yes 6.0E-71

RPABC2 RNAP 1, 11, lll, common subunit 2 Pum0292s0015.1 131 yes 1.0E-35

RPB7 RNAP I, subunit 7 Pum1752s0001.1 170 yes 4.0E-122

RPC8 RNAP Ill, subunit 8 Pum0260s0031.1 199 yes 6.0E-91

RPB11 RNAP I, subunit 11 Pum0108s0009.1 132 yes 2.00E-34

RPAC2 RNAP 1, lll, common subunit 2 Pum0161s0055.1 119 yes 1.0E-31

RPABC5 RNAP 1, 11, lll, common subunit 5 Pum0183s0030.1 80 yes 2.0E-30

RPABC3 RNAP 1, II, lll, common subunit 3 Pum0108s0030.1 155 yes 1.0E-34

RPB9 RNAP I, subunit 9 Pum0408s0005.1 125 yes 9.0E-38

RPC11 RNAP ll, subunit 11 Pum0082s0074.1 118 yes 6.0E-37

TFIIB Transcription Factor IIB Pum0120s0019.1 1017 yes 5.0E-24

TFIIH Transcription Factor IIH, helicase Pum0550s0007.1 856 yes 0

ELP3p * Elongator complex protein 3 Pum0176s0001.1 268 yes 2.0E-140

ELP3p * Elongator complex protein 3 Pum1773s0001.1 287 yes 2.0E-122

TBP TATA-binding protein Pum0161s0003.1 256 yes 2.0E-82

SPT5 Transcription elongation factor Pum0196s0021.1 1207 yes 1.0E-148
SPT5

TIF2 Translation initiation factor elF4A Pum0505s0005.1 309 yes 4.0E-157

TIF2y Translation initiation factor elF2, Pum0094s0031.1 465 yes 0
gamma

EF1a T Elongation factor 1 alpha Pum0224s0021.1 450 yes 0

EF1a T Elongation factor 1 alpha Pum0259s0019.1 450 yes 0

EF1a T Elongation factor 1 alpha Pum0224s0023.1 411 yes 0

EF2 Elongation factor 2 Pum0053s0005.1 842 yes 0

eRF3 Elongation release factor Pum0507s0002.1 579 yes 0

MCM2 MCM DNA helicase complex, Pum2398s0001.1 424 yes 0
subunit 2

MCM3 MCM DNA helicase complex, Pum0446s0013.1 773 yes 0
subunit 3

MCM4 I MCM DNA helicase complex, No gene model NA NO NA
subunit 4

MCM5 MCM DNA helicase complex, Pum0736s0007.1 1028 yes 0
subunit 5

MCM6 MCM DNA helicase complex, Pum1395s0002.1 818 yes 0
subunit 6

MCM7 MCM DNA helicase complex, Pum2318s0001.1 655 yes 0
subunit 7

MCM8 MCM DNA helicase complex, Pum2064s0001.1 577 yes 6.0E-145
subunit 8

DNA-pole | DNA polymerase epsilon Pum2553s0001.1 554 yes 5.0E-90

DNA-pold | DNA polymerase delta Pum0192s0005.1 932 yes 0

DNA- DNA topoisomerase Il alpha Pum0675s0004.1 1182 yes 0

Topo llla

DNA- DNA topoisomerase Il Pum0313s0031.1 1427 yes 0

Topo Il

Ligl DNA ligase | Pum0072s0080.1 750 yes 0

" The ELP3 gene in Porphyra is split into two non-overlapping gene models, one for the N-terminal and one for the

C-terminal regions of the gene. Both models occur at ends of scaffolds, in orientations that would allow them to
form a contiguous reading frame if assembled together. A nearly complete gene appears to be present between the

two gene models.
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¥ The Pum0224s0021.1 and Pum025950019.1 gene models are nearly identical, but on different scaffolds.
Pum0224s0021.1 and Pum0224s0023.1 are adjacent on the same scaffold but interrupted by one gene model, which
appears to encode an endonuclease. Pum0224s0023.1 is flanked on the other side by a gene model that appears to
be a copy of the intervening endonuclease, but is missing some sequence and has only a small region of EST
support.

¥ MCM4 is the one gene out of the 41 examined that is missing from the Porphyra genome. It is present in most
other red algae, but also is missing from the P. yezoensis genome, meaning this could be a gene loss from the
Bangiales rather than evidence of an incomplete genome.

Chloroplast genome

The full chloroplast genome (190,173 bp) was assembled (GenBank Accession MF385003), and
we predicted an additional gene (orf74) compared to the existing partial plastid genome for
Porphyra umbilicalis (34). Interestingly, homologs to orf74 by BLAST were limited to plastid
genomes of other bangiophyte red algae.

New PacBio sequences (21,380 reads) were mapped to JQ408795.1 using CLC Genomics
Workbench v8.5 (https://www.qiagenbioinformatics.com/) with the following parameters:
Masking mode = No masking, Update contigs = No, Mismatch cost = 2, Cost of insertions and
deletions = Linear gap cost, Insertion cost = 3, Deletion cost = 3, Insertion open cost = 6,
Insertion extend cost = 1, Deletion open cost = 6, Deletion extend cost = 1, Length fraction = 0.8,
Similarity fraction = 0.8, Global alignment = No, Non-specific match handling = Map randomly.
This resulted in 955x coverage of the incomplete plastid sequence. Where ten or more reads
disagreed with the partial plastid sequence, the sequence was edited (34 edits). The two gaps in
JQ408795.1 (36,278- 36,578bp, 138,849-138,948) were closed, and the Geneious V9.0 ORF tool
(translation table 11) predicted the new open reading frame (orf74) in the complete plastid; its
start position had been masked by a gap in the partial plastid sequence (36,278 - 36,578 bp in
JQ408795.1).

The nuclear genome was scanned for nuclear plastid DNA-like sequences (NUPTSs) and nuclear
plastid DNA-like sequences (NUMTs) with BLASTn v2.3.0 (9). The mitochondrial

(NC _018544.1) and herein completed plastid genomes were used as query sequences with the
following parameters: E-value = 10™'°; match 2; mismatch —3; gap open = 5; gap extend = 2; all
other parameters were set to default values. Regions of nuclear DNA that contained tight
clusters of organelle-like DNA interrupted by genomic sequence that did not show sequence
identity to organellar DNA were not counted as a single NUPT or NUMT but as separate

hits. Spurious hits, such as those where organelle genes matched to homologous genes in the
nuclear genome (e.g., organelle ribosomal DNA matching nuclear ribosomal DNA) were
omitted. One NUPT and 7 NUMTs were identified in P. umbilicalis and their total length is < 2
Kbp. These results agree with earlier investigations where monoplastidic plant and algal taxa
exhibited no or few NUPTSs and where the number of NUMTs correlated to both numbers of
mitochondria and genome size (35, 36).
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Relationships of red algal classes

Class Representative Genera
Stylonematophyceae  Purpureofilum, Rhodosorus

SCRP Compsopogonophyceae Compsopogon
Rhodellophyceae Rhodella
Porphyridiophyceae Porphyridium, Erythrolobus

—— Bangiophyceae Porphyra, Pyropia
1 BFL— Fiorideophyceae Chondrus, Calliarthron
Cyanidiophyceae gfl’c’;::’r’lgsmyzo”

Figure S11. Relatedness of red algal classes

Phylogenomic-based classification of the Rhodophyta reveals a basal clade of extremophilic
species (Cyanidiophyceae) and two sister clades (herein: SCRP, BF) of mesophilic species (29,
37). Most described red algal species belong to the BF clade; note position of Porphyra. Red
shading of SCRP and BF is arbitrary, but blue-green is used for Cyanidiophyceae because
members lack phycoerythrin as an accessory photosynthetic pigment and are blue-green.

Evolutionary rate comparison

To compare the evolutionary rates across species, we constructed orthologous gene families for a
total of 21 red algal, Viridiplantae, and metazoan taxa (Fig. S12 and Table S13 using OrthoMCL
(38) under the default setting with modifications (valueExponentCutoff=-10 and
percentMatchCutoff = 40).

Sequences were retrieved for each of the 300 single-copy gene families and aligned using
MUSCLE (39) under the default settings. These sequence alignments were trimmed using
TrimAl (-automated) (40) and further ‘polished’ using T-Coffee (41). The resulting sequence
alignments were then concatenated (101,371 amino acids) and used for tree construction under
maximum likelihood using RAXML (42) under the LG + I" + F model.
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Red algal
seaweeds
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Figure S12. Maximum likelihood tree of red algae, green algae, and metazoans.

All interior nodes are supported with 100 % bootstrap support unless indicated (in parentheses).
The clade defining red algal seaweeds is shown with the thick branches, as are the clades of
similar evolutionary depth in green algae (Chlorophyta) and metazoans. The gray box indicates
the putative split time for these three major groups. The broken lines indicate branches with
transformed lengths in order to align the three major groups. Red text: red algae; green text:
Viridiplantae; olive text: Opisthokonta.
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Table S13. Genome data sets for evolutionary rate comparison
Genome data used for the evolutionary rate comparison (see Figure S12).

Taxon Data type References
Porphyra umbilicalis Whole genome This study
Pyropia yezoensis Partial genome (24)
Chondrus crispus Whole genome 20

Porphyridium purpureum

Whole genome

Galdieria sulphuraria

Whole genome

Cyanidioschyzon merolae

Whole genome

Calliarthron tuberculosum

Partial genome

Chlamydomonas reinhardtii

Whole genome

Volvox carteri

Whole genome

Chlorella variabilis

Whole genome

Coccomyxa subellipsoidea

Whole genome

Micromonas pusilla CCMP 1545

Whole genome

Ostreococcus lucimarinus

Whole genome

Klebsormidium flaccidium

Whole genome

Homo sapiens

Whole genome

Monodelphis domestica

Whole genome

Capitella teleta

Whole genome

Trichoplax adhaerens

Whole genome

Amphimedon queenslandica

Whole genome

Mnemiopsis leidyi

Whole genome

Monosiga brevicollis

Whole genome

Meiotic genes

Of the nine most common meiosis-specific genes in eukaryotic sexual organisms (57), SPO11,
DMCI1, HOP1, HOP2, MND1, MSH4, MSHS5, RECS, and MER3, all but three (DMC1, RECS8
and MER3) were found in the Porphyra umbilicalis genome. In addition, P. umbilicalis appears
to lack five other genes that function in many other eukaryotes for DNA repair and mitosis in
addition to meiosis: MLH2, MLH3, PDS5, RAD21, and SSC3. However, the significance of this
requires additional study because some of these genes are not present in clearly sexual red algae
(Chondrus (20)), and it is possible that other proteins support these functions in Porphyra.
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Table S14. List of meiotic genes in Porphyra

Porphyra gene Gene aliases Defline Description

symbol

Pum0507s0009.1 HOP1.1 HOP Hsp70-Hsp90 organizing protein Binds DSBs and oligomerizes early during meiotic
prophase. PMID: 18663385

Pum0532s0010.1 HOP1.2 HOP Hsp70-Hsp90 organizing protein Binds DSBs and oligomerizes early during meiotic
prophase. PMID: 18663385

Pum0207s0034.1 HOP2 AHP2; T6J4.9 Homologous-pairing protein 2 homolog Ensures accurate and efficient homology searching
in meiotic prophase. PMID: 18663385

Pum2135s0001.1 MLH1 COCA2 DNA mismatch repair protein MutL- Heterodimerizes with MLH3 to form MutL gamma

homolog 1 which plays a role in meiosis.

Pum0280s0004.1 MND1 F19B15.200; GAJ | Meiotic nuclear division protein 1 Required for stable heteroduplex DNA formation.

homolog PMID: 18663385
Pum1900s0001.1 MRE11 Double-strand break repair protein Component of the MRN complex, which plays a
MRE11 central role in double-strand break (DSB) repair,
DNA recombination, maintenance of telomere
integrity and meiosis.
Pum0982s0002.1 MSH2 MYF24.25 DNA mismatch repair protein Msh2; Component of the post-replicative DNA mismatch
MutS protein homolog 2 repair system.
Pum0229s0006.1 MSH4 DNA mismatch repair protein Msh4; Directs Holliday junction resolution towards
MutS protein homolog 4 crossover with interference. PMID: 18663385
Pum0953s0002.1 MSH5 DNA mismatch repair protein Mshb5; Directs Holliday junction resolution towards
MutS protein homolog 5 crossover with interference. PMID: 18663385
Pum1300s0002.1 MSH6 GTBP DNA mismatch repair protein Msh6; Binds base-base mismatches. PMID: 18663385
MutS protein homolog 6
Pum0200s0021.1 PMS1.1 T14P8.6 DNA mismatch repair protein PMS1 Plays a major role in the repair of heteroduplex
sites present in meiotic recombination
intermediates.
Pum0200s0022.1 PMS1.2 T14P8.6 DNA mismatch repair protein PMS1 Plays a major role in the repair of heteroduplex
sites present in meiotic recombination
intermediates.
Pum0125s0033.1 RAD1 REC1 Cell cycle checkpoint protein RAD1 Plays a role in DNA repair. PMID: 15489334
Pum0075s0001.1 RAD50 DNA repair protein RAD50 Dimer holds broken DNA ends together. PMID:
18663385
Pum1410s0001.1 RAD52 RHM52 Recombination DNA repair protein Initiates DSB repair by homologous recombination.
PMID: 18663385
Pum0306s0030.1 SMC1 PSM1 Structural maintenance of Forms core sister chromatid cohesin subunits.
chromosomes protein 1 PMID: 18663385

Pum0532s0008.1 SMC2 Structural maintenance of Essential for chromosome assembly and
chromosomes protein 2 segregation. PMID: 18663385

Pum0082s0046.1 SMC3 SMC3I1; CSPG6 Structural maintenance of Forms core sister chromatid cohesin subunits.
chromosomes protein 3 PMID: 18663385

Pum0256s0001.1 SMC4.1 Structural maintenance of Essential for chromosome assembly and
chromosomes protein 4 segregation. PMID: 18663385

Pum0256s0002.1 SMC4.2 Structural maintenance of Essential for chromosome assembly and
chromosomes protein 4 segregation. PMID: 18663385

Pum0209s0016.1 SMC5 EMB2782; Structural maintenance of Involved in DNA repair and checkpoint responses.

F1N13.60 chromosomes protein 5 PMID: 18663385

Pum0374s0018.1 SMC6 SMC6I1 Structural maintenance of Binds ssDNA, involved in DNA repair & checkpoint
chromosomes protein 6 responses. PMID: 18663385

Pum1006s0002.1 SPO11 TOP6A3; TOP6A Meiotic recombination protein SPO11 Transesterase, creates ds-DNA breaks in

homologous chromosomes. PMID: 18663385

Analysis of Porphyra’s cytoskeleton

Table S15. Table of cytoskeletal genes found in Porphyra

Porphyra gene identifier Gene Aliases or Definition Description PubMed ID
Symbol Synonyms for key
references
Pum0076s0028.1 TubA Tubulin alpha chain Alpha subunit of tubulin dimer in microtubules 11441808
Pum0536s0008.1 TubB Tubulin beta chain Beta subunit of tubulin dimer in microtubules 11441808
Pum0608s0003.1 TubG Tubulin gamma chain MTOC-associated tubulin subunit involved in 24075308
microtubule nucleation
scaffold_177:136569- GCP Gamma complex protein | MTOC-associated protein involved in 26316498
139713 microtubule nucleation
Pum0215s0033.1 CofB cofactor B tubulin folding cofactor B | Protein involved in tubulin folding 25908846
Pum1971s0002.1 EB1 End binding protein 1 Microtubule plus-end tracking protein 18322465
Pum1280s0002.1 MAP215 MOR1; Microtubule plus-end tracking protein that 18322465
DIS1; interacts with EB1 and promotes microtubule
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CKAPS5; assembly
ch-TOG
Pum0076s0027.1 Centrin caltractin Centrin Ca2+ activated contractile protein, MTOC 8175926
component; possible location of polar ring
Pum0144s0010.1 Cmd.1 Calmodulin Calcium binding protein calmodulin 26528296
Pum0033s0060.1 Cmd.2 Calmodulin Calcium binding protein calmodulin 26528296
Pum0060s0052.1 Cmd.3 Calmodulin Calcium binding protein calmodulin 26528296
Pum0031s0074.1 CaN Cancineurin Calcium and calmodulin dependent 25655284
serine/threonine protein phosphatase
Pum0235s0011.1 CmdR Calmodulin related EF_hand containing protein related to 27462077
protein calmodulin
Pum0167s0024.1 Kin5.1 BimC kinesin 5 Kinesin 5 family member, predicted to be a 17652157
mitotic spindle motor that is homotetrameric and
slides antiparallel MTs.
Pum0032s0002.1 Kin5.2 BimC kinesin 5 Kinesin 5 family member, predicted to be a 17652157
mitotic spindle motor that is homotetrameric and
slides antiparallel MTs.
Pum0262s0026.1 Kin7 CENP-E kinesin 7 Kinesin 7 (CENP-E) family member, predicted to | 18427114
be a mitotic kinesin that localizes to
centromeres.
Pum0517s0010.1 Kin13.1 MCAK, Kif2 | kinesin family member Kinesin 13 family member, predicted to be a 20109574
mitotic motor that drives microtubule
depolymerization
Pum0535s0005.1 Kin13.2 MCAK, Kif2 | kinesin family member Divergent kinesin 13 family member, predicted 20109574
to be a mitotic motor that drives microtubule
depolymerization
Pum0229s0039.1 Kin13.3 MCAK, Kif2 | kinesin family member Divergent kinesin 13 family member, predicted 20109574
to be a mitotic motor that drives microtubule
depolymerization
Pum0401s0008.1 Kin14 NCD, Kar3 | kinesin 14 Kinesin 14 (C-terminal) family member; 26322239
predicted to be mitotic motor that drives
microtubule depolymerization, but in plants has
been reported to be involved in membrane
transport
Pum0640s0007.1 DyLC8 Dynein light chain, Protein that serves as a dynein light chain butis | 27964786
cytoplasmic conserved in many organisms (e.g., land plants)
lacking cytoplasmic dynein
Pum0014s0123.1 TCTEX Dynein, light chain, Protein that serves as a dynein light chain but 25928583
Tctex-type 1, may also have dynein-independent functions at
cytoplasmic the kinetochore
Pum1561s0001.1 Act.1 Conventional actin Cytoskeletal protein that forms microfilaments 8590468
Pum0070s0053.1 Act.2 Conventional actin Cytoskeletal protein that forms microfilaments 8590468
Pum0231s0007.1 Act.3 Conventional actin Cytoskeletal protein that forms microfilaments 8590468
Pum0031s0095.1 Act.4 Conventional actin Cytoskeletal protein that forms microfilaments 8590468
Pum0233s0019.1 ARP4.1 BAF53 Actin-related protein Nuclear actin-related protein involved in 15743449
Arp4 chromatin remodeling
Pum1930s0001.1 ARP4.2 BAF53 Actin-related protein Nuclear actin-related protein involved in 15743449
Arp4 chromatin remodeling
Pum0387s0002.1 ARP4.3 BAF53 Actin-related protein Nuclear actin-related protein involved in 15743449
Arp4 chromatin remodeling
Pum0299s0010.1 Form.1 Formin-related protein Actin filament nucleator 18977251
Pum0356s0010.1 Form.2 Formin-related protein Actin filament nucleator 18977251
Pum0499s0004.1 Prof.1 Profilin Binds to G-actin and speeds microfilament 11732068
elongation
Pum0053s0016.1 Prof.2 Profilin Binds to G-actin and speeds microfilament 11732068
elongation
Pum0165s0012.1 Porf.3 Profilin Binds to G-actin and speeds microfilament 11732068
elongation
Pum0070s0054.1 ADF.1 Cofilin Promotes actin filament disassembly 11732068
Pum0190s0014.1 ADF.2 Cofilin Promotes actin filament disassembly 11732068
Pum1553s0002.1 Seve.1 Severin Gelsolin-related protein predicted to 11732068
depolymerize actin filaments
Pum2419s0001.1 Seve.2 Severin Gelsolin-related protein predicted to 11732068
depolymerize actin filaments
Pum0427s0014.1 Sept.1 septin binds GTP; predicted to form filaments and be 25957401
involved in cytokinesis
Pum0452s0003.1 Sept.2 septin binds GTP; predicted to form filaments and be 25957401

involved in cytokinesis
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Table S16. Presence/absence of selected cytoskeletal genes in the red algae Porphyra,

Cyanidioschyzon, Galdieria, Porphyridium, and Chondrus.
Gene identifiers are shown in the body of the table. For the Porphyra gamma tubulin complex gene, repetitive
sequence at the locus prevented automated gene prediction, but the region of homology on scaffold_177 is

shown. N.F. = not found.

Protein Description Porphyra Porphyridium Galdieria Cyanidioschyzon Chondrus crispus
Class or umbilicalis purpureum sulphuraria merolae
name
Microtubule Structure
Alpha alpha tubulin Pum0076s0028.1 Porphyridium.evm. XP_005704892.1 PhyOOOUGHU_CY Phy0034NN8_CHOCR_GSCHC2T0000
tubulin subunit of alpha- model.contig_448.6 AME 4954001,
beta tubulin dimer Phy0034QHQ_CHOCR_GSCHC2T000
11873001
Beta tubulin beta tubulin Pum0536s0008.1 Porphyridium.evm. XP_005707937.1, | PhyOOOUF3H_CYA | Phy00340FO_CHOCR_GSCHC2T000
subunit of alpha- model.contig_2073. | XP_005707936.1, | ME 06992001,
beta tubulin dimer 5 XP_005703597.1, Phy0034PEN_CHOCR_GSCHC2T000
XP_005708540.1, 09280001
XP_005703595.1,
XP_005707934.1,
XP_005705383.1
Gamma gamma tubulin Pum0608s0003.1 Porphyridium.evm. XP_005706854.1 PhyO00UF4B_CYA | Phy0034QIB_CHOCR_GSCHC2T0001
tubulin subunit involved model.contig_3412. ME 1912001

in microtubule
nucleation

2

Microtubule nucleation

Gamma gamma complex scaffold_177:136 Porphyridium.evm. XP_005706628.1, | PhyOOOUECH_CY Phy0034M98_CHOCR_GSCHC2T0000
complex protein involved in | 569..139713 model.contig_2494. | XP_005706682.1 AME CMJ255C, 1390001,
protein microtubule 36, PhyOOOUEYX_CYA | Phy0034NQY_CHOCR_GSCHC2T000
nucleation Porphyridium.evm. ME CMN041C 05200001
model.contig_444.1
2
Microtubule folding
Cofactor A Tubulin folding N.F. Porphyridium.evm. XP_005708190.1 N.F. N.F.
cofactor A model.contig_4434.
3
Cofactor B tubulin folding Pum0215s0033.1 Porphyridium.evm. XP_005705747.1 PhyO00UD48_CYA Phy0034M1D_CHOCR_GSCHC2T000
cofactor B model.contig_444.2 ME 00902001
4
Cofactor D tubulin folding Pum0374s0020.1 Porphyridium.evm. XP_005708084.1 PhyO00UDMV_CY Phy0034PWU_CHOCR_GSCHC2T000
cofactor D model.contig_4446. AME 10467001
17
Cofactor E tubulin folding N.F. N.F. XP_005705826.1 PhyO00UDQF_CY Phy0034LPZ_CHOCR_GSCHC2T0000

cofactor E AME CMGO030C 0186001
Microtubule plus-end tracking proteins
EB1 microtubule plus- Pum1971s0002.1 Porphyridium.evm. XP_005706580.1 PhyOOOUEA9_CYA N.F.
end tracking model.contig_570.4 ME CMJ156C
protein "end
binding protein 1"
XMAP215; microtubule plus- Pum1280s0002.1 Porphyridium.evm. XP_005708148.1 PhyO00UF92_CYA Phy0034RIB_CHOCR_GSCHC2T0001
Also known end tracking model.contig_3543. ME CMO196C 4443001
as MOR1, protein that 1
DIS1, interacts with EB1
CKAPS5, ch- and promote
TOG microtubule
assembly.
CLASP cytoplasmic linker | N.F. Porphyridium.evm. XP_005704018.1, | Phy0OOUDGY_CY Phy0034Q6Z_CHOCR_GSCHC2T0001
associated model.contig_4458. | XP_005705964.1 AME CMD154C 1051001
protein 3,
Porphyridium.evm.
model.contig_4467.
12
Microtubule Cross-linking
MAP65/ASE1 microtubule N.F. Porphyridium.evm. XP_005703277.1 PhyOOOUFF4_CYA N.F.
/IPRC1 cross-linking model.contig_3488. ME CMP130C
protein invovled in 5
mitosis and
microtubule
organization
Calmodulin and its relatives
Centrin; also calmodulin- Pum0076s0027.1 Porphyridium.evm. XP_005708752.1 N.F. Phy0034SN7_CHOCR_GSCHC2T0001

known as relative involved model.contig_510.1 7304001
caltractin in microtubule 8
nucleation and
other processes
Calmodulin calcium binding Pum0144s0010.1 Porphyridium.evm. XP_005704341.1, | PhyOOOUDIE_CYA Phy0034QOM_CHOCR_GSCHC2T000

protein
calmodulin

Pum0033s0060.1
Pum0060s0052.1

model.contig_4427.
8,
Porphyridium.evm.
model.contig_439.6

Porphyridium.evm.

XP_005704340.1,
XP_005706567.1

ME CMEO034C,
Phy0OOUEI9_CYA
ME CMK219C

12343001

24



model.contig_2323.

3,
Porphyridium.evm.

model.contig_4428.

4
Calcineurin calcium and calm Porphyridium.evm. XP_005706567.1, | PhyOOOUECQ_CY Phy0034RM6_CHOCR_GSCHC2T000
B odulin dependent Pum0031s0074.1 model.contig_2033. AME 14698001

serine/threonine p 20

rotein

phosphatase
Calmodulin EF_hand Porphyridium.evm. XP_005705171.1 PhyOOOUFFY_CYA | Phy0034LWX_CHOCR_GSCHC2T000
related containing protein Pum0235s0011.1 model.contig_3451. ME CMP171C 00640001,
proteins related to 8,

calmodulin Porphyridium.evm.

model.contig_2139.

4,
Porphyridium.evm.

model.contig_4426.

5,
Porphyridium.evm.

model.contig_2211.

7,
Porphyridium.evm.

model.contig_2024.

16,
Porphyridium.evm.

model.contig_2290.

1,
Porphyridium.evm.

model.contig_2025.

58,
Porphyridium.evm.

model.contig_2296.

12,
Porphyridium.evm.

model.contig_4408.

9

Kinesin motors found in at least on

e red alga*

Kinesin 5; kinesin 5 family Pum0167s0024.1 PorphyridiumConti GasuXP_005706 PhyO00UDD8_CYA | ChcrPhy0034S02
also known member, Pum0032s0002.1 g_2090.10 647.1, ME
as BimC predicted to be a GasuXP_005706
mitotic spindle 648.1
motor that is
homotetrameric
and slides
antiparallel MTs.
Kinesin 7; kinesin 7 (CENP- Pum0262s0026.1 PorphyridiumConti GasuXP_005704 CymePhy0OOUFSN | ChcrPhy0034R7X
also known E) family g_2065.3 2291
as CENP-E member,
predicted to be a
mitotic kinesin
that localizes to
centromeres.
Kinesin 13; kinesin 13, N.F. N.F. N.F. N.F.
also known predicted to be a Pum0517s0010.1
as MCAK, mitotic motor that ,
Kif2 drives Pum0535s0005.1
microtubule )
depolymerization Pum0229s0039.1
Kinesin 14; kinesin 14 (C- PorphyridiumConti GasuXP_005707 CymePhy000UG3 ChcrPhy0034N40
also known terminal) family Pum0401s0008.1 g_3395.13, 4521, D_CYAME,
as NCD and member; PorphyridiumConti gi|545706185|ref]| CymePhy000UGM
C-terminal predicted to be g_2100.14 XP_005705410, H
kinesin mitotic motor that gi|546313465|ref|
drives XP_005715293
microtubule
depolymerization
Kinesin 4; kinesin 4 family N.F. PorphyridiumConti GasuXP_005705 N.F. N.F.
also known member; g_4446.19 866.1,
as chromo predicted to be GaSuXP_005704
kinesin involved in 836.1
mitosis and
perhaps vesicle
transport
Kinesin 6 kinesin 6 family N.F. PorphyridiumConti GasuXP_005707 N.F. ChcrPhy0034SNV
member; g_4416.18 198.1
predicted to be
involved in cell
division
Kinesin 15 kinesin 15 family N.F. N.F. GaSuXP_005707 | Cyame_CMOO070C | N.F.
member 115.1,
gi|545703096|ref|
XP_005703875
Dynein and associated proteins
Dynein cytoplasmic N.F. N.F. N.F. N.F. XP_005717072.1
heavy chain dynein HC 1
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Dynein LC8

dynein light chain,
8kD, also
involved non-
dynein functions

Pum0640s0007.1

Porphyridium.evm.
model.contig_2017.
6

XP_005707601.1

Phy0OOUGEH_CY
AME

Phy0034Q64_CHOCR_GSCHC2T0001
1009001

Actin superfamily

Actin Actin filament Porphyridium.evm. XP_005709337.1, | PhyOOOUEW4_CY Phy0034QL5_CHOCR_GSCHC2T0001
protein subunit Pum1561s0001.1 model.contig_3739. | XP_005707846.1, | AME 2135001,
, 1 XP_005707521.1, Phy0034PGJ_CHOCR_GSCHC2T0000
Pum0070s0053.1 XP_005705473.1 9415001
Pum0031s0095.1
Pum0231s0007.1
Arp4 Nuclear actin- Pum0233s0019.1 Porphyridium.evm. XP_005708436.1, | Phy0OOUGC4_CY Phy0034RB1_CHOCR_GSCHC2T0001

related protein
Arp4; predicted to
be involved in
chromatin
remodeling

PuM038750002.1

Pum1930s0001.1

model.contig_3453.
2,
Porphyridium.evm.
model.contig_2122.
24,
Porphyridium.evm.
model.contig_3422.
10,
Porphyridium.evm.
model.contig_2345.
4,
Porphyridium.evm.
model.contig_2156.
3

XP_005704222.1,
XP_005708774.1,
XP_005706259.1

AME,
PhyOOOUELG_CYA
ME,
Phy000UG7F_CYA
ME,
Phy00OUFYV_CYA
ME,
PhyOOOUEBS_CYA
ME

3862001,
Phy0034MZQ_CHOCR_GSCHC2T000
03301001,
Phy0034QC7_CHOCR_GSCHC2T000
11459001

Actin nucleating proteins

Formin

protein that
nucleates linear
arrays of actin
filaments

Pum0299s0010.1

PUM035650010.1

Porphyridium.evm.
model.contig_503.5

Porphyridium.evm.
model.contig_565.1

Porphyridium.evm.
model.contig_2285.
5,
Porphyridium.evm.
model.contig_4458.
10,
Porphyridium.evm.
model.contig_2495.
1

XP_005709381.1,
XP_005708214.1,
XP_005703173.1,
XP_005703511.1

Phy0OOUEZ2_CYA
ME,
Phy000UF2I_CYA
ME,
PhyOOOUDN7_CYA
ME

Phy0034RRW_CHOCR_GSCHC2T000
15089001

Regulators of actin polymerization

Profilin actin monomer Porphyridium.evm. XP_005708857.1, | PhyOOOUFHO_CYA | Phy0034R4T_CHOCR_GSCHC2T0001
binding and Pum0499s0004.1 model.contig_4437. | XP_005707058.1 ME 3528001
capping protein , 11,
profilin Pum0053s0016.1 Porphyridium.evm.
s model.contig_2058.
Pum0165s0012.1 1
Cofilin; also actin filament Porphyridium.evm. XP_005702926.1 PhyO00UF12_CYA Phy0034MBR_CHOCR_GSCHC2T000
known as depolymerizing Pum0070s0054.1 model.contig_2093. ME 01585001,
actin factor cofilin , 3, Phy0034PHU_CHOCR_GSCHC2T000
depolymerizi Pum0190s0014.1 Porphyridium.evm. 09495001
ng factor model.contig_3633.
(ADF) 1
Severin actin-regulatory Porphyridium.evm. N.F. N.F. Phy0034SG0_CHOCR_GSCHC2T0001
protein related to Pum1553s0002.1 model.contig_2167. 6843001
gelsolin and villin; s 3,
contains 3 Pum2419s0001.1 Porphyridium.evm.
gelsolin-homology model.contig_2035
domains b.39
Myosin’
myosin unclassified N.F. N.F. XP_005709224.1 N.F. N.F.
heavy chain myosin motor
Septin
Septin septin GTPase; Pum0427s0014.1 Porphyridium.evm. N.F. N.F. N.F.
predicted to be a , model.contig_3450.
GTPase that Pum0452s0003.1 2
forms filaments
Notes:

*Although this table focuses on the set of fully sequenced red algal genomes listed above, we note that kinesin

4 is also found in the transcriptome of Rhodosorus marinus (CAMNT_0000974579) and Compsopogon
caeruleus (CAMNT_0027137013). Kinesin 4 is of particular interest because it has been described as a
membrane transport kinesin in plants (58).
T The various transcriptomes of red algae contain several myosins. Some of these seem likely to be

contaminants because they are closely related to myosins in other organisms (e.g., Amoebazoa) (not shown).

However, myosins from some SCR (SCRP clade) red algae group phylogenetically with the Galdieria myosin
26



(Fig. S17), suggesting that these are bona fide red algal myosins. These myosin proteins are: Compsopogon
caeruleus (CAMNT_0027136803), Madagascaria erythrocladiodes (CAMNT_0044035085), Rhodosorus
marinus (CAMNT_0000970689), and Rhodella maculata (CAMNT_0027191499). At present, these motors are
classified as orphans, but they show some similarity to the myosin 27 proteins that act as membrane transport
motors in apicomplexans (59).
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Figure S17. Phylogenetic analysis of red algal myosins.

A: Branch of a much larger phylogenetic tree (> 1900 myosin motor domain sequences, not
shown) that indicates with high confidence that the red algal myosins (red) form a clade that
excludes myosins from other organisms; this supports the idea that these are legitimate red
algal myosins. A group of apicomplexan myosins (orange) branch with the red algal myosins
with lesser but still high confidence. In this tree, the red algal myosins branch near a class of
oomycete myosins (blue), but this relationship varies with the tree-building parameters and so is
less robust (not shown). B: The red algal myosins share a common tail element, a nucleotide-
binding P-loop. The function for this domain in the context of a myosin tail domain is not known,
but similar P-loops are found in the tails of some myosin V proteins (e.g., human myosin Vc),
proteins that are involved in membrane transport.

Methods: For (A), we used as a published core dataset the myosin motor domain alignment (60),
which included the Galdieria sulphuraria myosin (GsMyoA, XP_005709224.1). The names
used by Odronitz and Kollmar (60) are given in parentheses. We added to this dataset the red
algal myosins identified by TBLASTN (9) search of the transcriptomes of Compsopogon
caeruleus (Coco0027136803), Madagascaria erythrocladiodes (Maer 0044035085), Rhodella
maculata (Rhmac0027191499), and Rhodosorous marinus (Rhma0000970689), as well as some
other myosins indicated by accession numbers. The remainder of the sequences shown here and
in the rest of the tree were from the supplement (60). The new sequences were trimmed to the
core motor domain as previously defined (60), then all gaps were removed from the aligned
sequences and subjected to alignment and tree-building using the software package PASTA (61)
under default settings. The resulting tree was visualized by Archaeopteryx (62), and it agreed
well with the myosin classifications as defined by Odronitz and Kollmar (60). The subtree shown
in (A) was edited to add color and remove branches from identical s