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Abstract

inferring evolutionary relationships between organisms.

phototrophs.

Background: The process of gene fusion involves the formation of a single chimeric gene from multiple complete
or partial gene sequences. Gene fusion is recognized as an important mechanism by which genes and their protein
products can evolve new functions. The presence-absence of gene fusions can also be useful characters for

Results: Here we show that the nuclear genomes of two unrelated single-celled algae, the cryptophyte Guillardia
theta and the chlorarachniophyte Bigelowiella natans, possess an unexpected diversity of genes for ubiquitin fusion
proteins, including novel arrangements in which ubiquitin occupies amino-terminal, carboxyl-terminal, and internal
positions relative to its fusion partners. We explore the evolution of the ubiquitin multigene family in both
genomes, and show that both algae possess a gene encoding an ubiquitin-nickel superoxide dismutase fusion
protein (Ubig-NiSOD) that is widely but patchily distributed across the eukaryotic tree of life — almost exclusively in

Conclusion: Our results suggest that ubiquitin fusion proteins are more common than currently appreciated;
because of its small size, the ubiquitin coding region can go undetected when gene predictions are carried out in
an automated fashion. The punctate distribution of the Ubig-NiSOD fusion across the eukaryotic tree could serve as
a beacon for the spread of plastids from eukaryote to eukaryote by secondary and/or tertiary endosymbiosis.
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Background

Ubiquitin is hard-wired into the biology of eukaryotic
cells. The textbook function of this 76-amino acid,
hyper-conserved protein is to serve as a flag for protein
degradation, whereby polyubiquitinated substrates are tar-
geted for degradation by the proteasome, a barrel-shaped
macromolecular complex inside of which proteins are
digested into short peptides [1]. However, depending on
how the ubiquitin moieties are chained together, polyubi-
quitination can also act as a proteolysis-independent sig-
nal in the regulation of diverse cellular processes
including DNA repair, transcription, translation, and
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protein trafficking [2, 3]. The ubiquitin monomers used
for these and other purposes are expressed primarily as
head-to-tail polyubiquitin proteins, which are cleaved into
monomers post-translationally, or as ubiquitin fusion pro-
teins (a stand-alone ubiquitin gene exists in the
single-celled protist Giardia lamblia [4], although this
situation appears to be rare). The best-known ubiquitin
fusions involve ribosomal proteins S27a and L40; genes
encoding ubiquitin-S27a and ubiquitin-L40 pre-proteins
have been found across the full breadth of eukaryotic di-
versity [5]. These fusions are important: in the yeast Sac-
charomyces cerevisiae, for example, most of the ubiquitin
monomers in the cell come from the ubiquitin-ribosomal
protein fusions [6].

Archibald et al. [5] showed that the chlorarachnio-
phyte alga Bigelowiella natans has several additional
ubiquitin-ribosomal protein fusions, as well as an
ubiquitin-actin fusion. This latter fusion has thus far not
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been found outside of the genus Bigelowiella and its closest
relatives. The complete nuclear genome sequence of B.
natans was published in 2012, along with that of the cryp-
tophyte alga Guillardia theta [7]. Here we present the re-
sults of a comprehensive survey of ubiquitin-coding regions
in these two genomes, further expanding the known diver-
sity of ubiquitin fusion proteins across the tree of
eukaryotic life. Of particular interest is the presence of a fu-
sion gene encoding an ubiquitin-nickel superoxide dismut-
ase fusion protein (Ubig-NiSOD). Considering the full
breadth of eukaryotic diversity we show that this fusion is
found almost exclusively in photosynthetic organisms. We
discuss the potential implications of this patchy distribution
for understanding the spread of plastids (chloroplasts) by
eukaryote-eukaryote endosymbiosis.

Ubiquitin and ubiquitin fusion proteins in
Bigelowiella natans and Guillardia theta

The nuclear genomes of B. natans and G. theta were
found to possess 33 and 24 ubiquitin-encoding genes,
respectively (Tables 1 and 2, Fig. 1). In B. natans, four
monomers were identified, including three that differ
from the 76 amino acid length characteristic of mature
ubiquitin; one was truncated (< 60 amino acids) and two
contained N- and/or C-terminal amino acid extensions.
Seven polyubiquitin genes comprised of ~ 1.5 to 4 tan-
dem ubiquitin coding units were identified in B. natans
(Fig. 1a); two of these genes encode only one complete
ubiquitin moiety followed by a truncated second do-
main. In some instances, the repeated regions within a
polyubiquitin gene were found to encode identical pro-
teins, whereas in others the inferred amino acid se-
quences of the polyubiquitin genes varied (particularly
those with two or fewer ubiquitin units). In G. theta,
three complete ubiquitin monomer-encoding genes and
11 polyubiquitin genes (ranging from 1.5-3 ubiquitin
gene units) were identified (Fig. 1b) with similar features
to those found in B. natans.

In addition to the monomer and polyubiquitin
forms, we identified a variety of ubiquitin-fusion
genes in both B. natans (22) and G. theta (10). While
most of these genes were found to encode a single
N-terminal ubiquitin fused to a second protein do-
main, C-terminal and even internal ubiquitin domains
were also detected (Fig. la and b). Ubiquitin-fusion
proteins were previously identified in B. natans with
a single N-terminal ubiquitin domain, including fu-
sions with four actin proteins and ribosomal proteins
S27a, L40 and P1 [5]. Here we identified additional B.
natans gene models for actin 1 and actin 2 that en-
code three N-terminal ubiquitin monomers (one of
which is split in two) and two monomers, respectively
(Fig. la). Interestingly, we found that a gene for the
F-actin capping protein alpha subunit also encodes an
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N-terminal ubiquitin domain. The presence of ubiqui-
tin fusions involving both actin and F-actin capping
protein are suggestive of a post-translational regula-
tory role for ubiquitin in cytoskeleton regulation in B.
natans, consistent with previous studies that have
provided experimental evidence for a role for ubiqui-
tin in actin assembly ([8-10]). For example, Yuan
et al. [10] showed that in human cells ubiquitination
of coronin 7 through a K33 linkage targets it to the
trans Golgi network where it promotes the assembly
of F-actin, while Hao et al. [8] found that K63-linked
ubiquitination of the WASH protein (an actin nucle-
ation promoting factor) led to F-actin assembly on
endosomes [8]. We did not find corresponding
ubiquitin-actin fusion genes in G. theta or any other
eukaryotes, thus making B. natans and other chlorar-
achniophytes interesting organisms for future experi-
mental investigation of cytoskeleton dynamics. We
did nevertheless identify G. theta ubiquitin coding re-
gions fused to genes for the ribosomal proteins S27a
and L40, as seen in B. natans and a wide range of or-
ganisms across the eukaryotic tree.

Other fusions identified in B. natans include two genes
in which a single N-terminal ubiquitin coding region is
fused in-frame to a nickel superoxide dismutase
(NiSOD) domain-encoding gene (discussed below), a
gene encoding a zinc ring-finger domain fused to two
complete ubiquitin monomer-coding regions, and three
genes fused to coding regions with significant sequence
similarity (e-value <le-10) to bacterial integral mem-
brane proteins (IMPs) (Fig. 1a). The ubiquitin-IMP fu-
sions varied in structure from a single truncated
N-terminal monomer to a polyubiquitin form with either
~1.75 or 3 non-identical ubiquitin domains. The
remaining fusion partners in B. natans were hypothetical
proteins with no detectable similarity to other known
proteins. In G. theta, we found various genes for
ubiquitin-fusion proteins including the above-mentioned
ubiquitin-NiSOD fusion (see below), two ubiquitin-zinc
ring-finger domain fusions (one of which is similar in
structure to that identified in B. natans), as well as one
with a single N-terminal ubiquitin, two genes fused to a
‘high-mobility group box’-coding region, a C-terminal
ubiquitin fusion to a tryptophan-associated transmem-
brane protein, and two fusions to hypothetical proteins
(Fig. 1b). In both B. natans and G. theta, evidence for
the expression of these ubiquitin fusions comes in the
form of RNA-seq data from one or more strains (Tables 1
and 2).

The number and variety of ubiquitin fusions in B.
natans and G. theta identified here raises the possibility
that such proteins are more common than previously
thought. Depending on the length and degree of se-
quence conservation of the fusion partner relative to the
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Table 1 Ubiquitin monomers, polyubiquitin and ubiquitin fusion proteins in Bigelowiella natans. Proteins from JGI/NCBI nr
correspond to the B. natans strain CCMP2755 while proteins from MMETSP include the strains CCMP623, 1242, 1258, 1259, and 2755.
When found in multiple B. natans strains in MMETSP (with 100% identity), a single representative protein ID is listed. Ubiquitin
monomers and polyubiquitin proteins are based on strain CCMP2755 only

Ubiquitin Length Fusion Partner Protein ID Database CCMP Strains in MMETSP
Type Domains (AA)

fusion 1 461 actin1 87,880 JGl 1258, 1259, 2755

fusion 3 648 actini 0185245994 MMETSP 1242

fusion 1 459 actin2 48,466 JGl 623, 1242, 1258,1259
fusion 2 512 actin2 0114194990 MMETSP 2755

fusion 1 454 actin3 52,823 JGl 623, 1242, 1258, 1259, 2755
fusion 1 456 actin4 145,879 JGl 623, 1258, 1259

fusion 1 369 F-actin capping protein 84,922 JGl 1258, 1259, 2755

fusion 3* 646 IMP1 232,559 JGI 2755

fusion 1.75 379 IMP1 0172219668 MMETSP 623, 1258

fusion <1 470 IMP2 221,357 JGl 623, 1242, 1258, 1259, 2755
fusion <1 370 IMP3 0114185324 MMETSP 1242, 1259, 2755

fusion 1 446 NBR1-like 128,778 JGl 623, 1242, 1259, 623

fusion 1 220 NiSOD 36,102 JGl -

fusion 1 220 NiSOD 53,597 Jal 623, 1242, 1258, 1259, 2755
fusion 1 221 ribosomal P1 46,016 JGl 1242, 1258, 1259, 2755
fusion 1 221 ribosomal P2 51,851 JGl 623, 1242, 1258, 1259, 2755
fusion 1 130 ribosomal protein L40 AAP34635 NCBI nr 623, 1258, 1259, 2755
fusion 1 157 ribosomal S27 51,387 JGl 1258, 1259, 2755

fusion 2 273 zinc ring finger 0114182200 MMETSP 623, 1258, 1259, 2755
fusion 2 614 hypothetical protein 70,850 Jal 623, 1242

fusion 2 832 hypothetical protein 233,447 JGl 623, 1242, 1258, 1259, 2755
fusion 1 200 hypothetical protein AAP34639 NBCI nr 623, 1242, 1258, 1259, 2755
poly 3 220 - 46,610 JGl -

poly 15 135 - 55,557 JGl -

poly 1.5% 163 - 86,080 JGl -

poly 2% 163 - 42,651 JaGl -

poly 25 205 - 52,846 JGl -

poly 2% 162 - 33,962 JGl -

poly 4 308 - AAM51223 NCBI nr -

monomer 1 59 - 32,874 JGl -

monomer 1 100 - 32,975 JGI -

monomer 1 76 - 47,445 JGI -

monomer 1 190 - 86,593 Jal -

A " indicates that the sequence of ubiquitin monomers in the corresponding polyubiquitin gene were non-identical

Abbreviation: AA Amino acids

short but hyper-conserved ubiquitin moiety, fusions may
be overlooked in automated gene-finding and annotation
pipelines [11]. If one or the other—but not both—part-
ners is detected, then the fusion might not be identified
and annotated appropriately. A targeted search of the
genomes of the model green alga Chlamydomonas, the
land plant Arabidopsis, the yeast Saccharomyces and

human revealed no additional clear-cut examples of ubi-
quitin fusion genes beyond those encoding the
well-known ubiquitin-S27a and ubiquitin-L40 fusions.
However, in the case of organisms with less well-curated
genomes it is possible that novel ubiquitin fusion genes
have gone undetected due to reliance on automated
gene prediction.
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Table 2 Ubiquitin monomers, polyubiquitin and ubiquitin fusion proteins in Guillardia theta (CCMP2712)

Ubiquitin Length Fusion Partner Protein ID Database
Type Domains (AA)

fusion 1 188 high-mobility group box 163,393 JGl
fusion 1 187 high-mobility group box 97,141 JGl
fusion <1 414 hypothetical protein XP_005823415 NCBI nr
fusion 1 128 ribosomal protein L40 XP_005819526 NCBI nr
fusion 1 210 NiSOD XP_005824722 NCBI nr
fusion 1 181 ribosomal S27 89,401 JGl
fusion 1 591 Tryptophan-associated transmembrane protein XP_005829980 NCBI nr
fusion 1.5 409 hypothetical protein 115,205 JGl
fusion 1 145 zinc ring finger like 156,445 JGl
fusion 2 199 zinc ring finger like 97,360 JGlI

poly 3 229 - 152,873 JGI

poly 2 154 - 156,153 Jal

poly 1.5 115 - 0113781964 MMETSP
poly 2% 197 - 0113801002 MMETSP
poly 2 192 - 0113801928 MMETSP
poly 2% 193 - 0113791962 MMETSP
poly 1.75 199 - XP_005824088 NCBI nr
poly 1.5% 152 - XP_005833291 NCBI nr
poly 1.5% 172 - XP_005832380 NCBI nr
poly 2% 206 - XP_005824234 NCBI nr
poly 2% 154 - XP_005822547 NCBI nr
monomer 1 77 - XP_005824956 NCBI nr
monomer 1 89 - XP_005832327 NCBI nr
monomer 1 108 - XP_005828818 NCBI nr

A "* indicates that the sequence of ubiquitin monomers in the corresponding polyubiquitin gene were non-identical

Abbreviation: AA Amino acids

Evolution of ubiquitin and its fusion partners

The ubiquitin gene family, which consists of many similar
or identical ubiquitin-coding sequences within the gen-
ome of a given species, is thought to evolve via concerted
evolution [12]. This is particularly true in the case of the
polyubiquitin sub-family where individual ubiquitin moi-
eties are identical or nearly so (e.g., [5, 13]). We carried
out a phylogenetic analysis of the ubiquitin-coding regions
found in various contexts in the genomes of both B.
natans and G. theta as well as those of other algae. Given
its small, hyper-conserved nature, ubiquitin is of limited
utility in this regard. We were nevertheless able to glean
some meaningful information from the resulting trees,
most notably the existence of species-specific clusters of
identical or near-identical ubiquitin sequences (Additional
file 1: Figure S1). This includes some (but not all) polyubi-
quitins and the ubiquitin monomers that are fused to
other proteins. G. theta is noteworthy in having a cluster
of somewhat more divergent ubiquitin sequences (bottom
of Additional file 1: Figure S1) that include both ubiquitin

fusion proteins and polyubiquitins. These patterns are
consistent with both concerted evolution and a gene
duplication-based ‘birth-and-death’ model of gene family
evolution in B. natans and G. theta, as has been suggested
for ubiquitin genes in eukaryotes as evolutionarily diverse
as animals, fungi and protists ([14, 15]).

Catic and Ploegh [16] proposed that the polyubiquitin
locus (or loci) acts as the ultimate source of ubiquitin re-
combination, serving to both maintain a high degree of
sequence similarity amongst ubiquitin moieties and to
generate new gene copies. Generally speaking, our re-
sults are consistent with this idea: ubiquitin-fusions ap-
pear to have evolved concertedly within the context of
the polyubiquitin genes in both B. natans and G. theta.
There are some exceptions, however, such as the
ubiquitin-S27a fusion in G. theta, whose ubiquitin
moiety branches separately from most of the other
ubiquitins encoded in the genome (Additional file 1:
Figure S1). This is similar to the pattern observed by
Catic and Ploegh [16] in which the ubiquitin-S27a
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A Bigelowiella natans B Guillardia theta
Ubiquitin Ubiquitin
Polyubiquitin x1.5, x2, x2.5, x3, x4 Polyubiquitin x1.5, x1.75, x2, x3
I I
Ubiquitin S27a Ubiquitin S27a
[ — [ —
Ubiquitin L40 Ubiquitin L40
I ——
Ubiquitin P1 Ubiquitin NiSOD
I
Ubiquitin P2 Ubiquitin  Zinc ring-finger  Ubiquitin
I L
Ubiquitin Actin 1,2, 3 and 4 Ubiquitin Zinc ring-finger

L]
Polyubiquitin Actin 1 Ubiquitin ~ High-mobility group box
| | L
Polyubiquitin Actin 2 Polyubiquitin Hypothetical protein
I I I
Ubiquitin F-actin capping protein Ubiquitin Hypothetical protein

I
Ubiquitin NiSOD Tryptophan-associated
transmembrane protein  Ubiquitin Hypothetical protein
Polyubiquitin Integral membrane protein 1
I I
Ubiquitin Integral membrane protein 2, 3
|
Ubiquitin Integral membrane protein 1
Ubiquitin Zinc ring-finger Ubiquitin
L

NBR1-like Ubiquitin Hypothetical protein
Polyubiquitin Hypothetical protein
I
Ubiquitin Hypothetical protein

Fig. 1 Ubiquitin proteins in Bigelowiella natans (a) and Guillardia theta (b). The length of schematic bars shown are proportional to protein
length, where a ubiquitin monomer indicates 76 amino acids. In the case of polyubiquitin, multiple polyubiquitin-encoding genes exist in both
genomes, with different numbers of ubiquitin monomers [ranging from 1.5 monomers (x 1.5) to 4 monomers ('x 4)]. A total of 7 and 11
polyubiquitin genes were found in B. natans and G. theta, respectively. Ubiquitin moieties are shown in orange; the various ubiquitin fusion
partners found in the B. natans and G. theta genomes are colored and labeled accordingly (see Tables 1 and 2 for more information)

fusions of a broad range of eukaryotes are divergent rela-
tive to their respective polyubiquitin and ubiquitin-L40
fusions [16]. The same cannot be said for B. natans,
whose ubiquitin-S27a fusion is identical in amino acid
sequence to some (but not all) of its polyubiquitins as
well as various other ubiquitin fusion proteins. Clearly
not all of the ubiquitin genes in a given genome recom-
bine at the same frequency, and the precise patterns of
recombination appear to have changed from lineage to
lineage.

Ubiquitin fusion proteins in algae—implications
for plastid evolution

We have shown that G. theta and B. natans possess a di-
verse set of ubiquitin-fusion proteins, some of which ap-
pear to be lineage-specific (e.g., the ubiquitin-actin
fusions of B. natans and other chlorarachniophytes) and
others that are conserved across the full breadth of
eukaryotic diversity (e.g., ubiquitin-S27a and -L40)
(Tables 1 and 2; Fig. 1). Given that chlorarachniophyte
and cryptophyte algae are not specifically related to one
another, the presence of ubiquitin-NiSOD fusion genes
in the genomes of both organisms is intriguing. We thus
searched available genomic and transcriptomic data for
the presence of this fusion in other organisms in an at-
tempt to elucidate their evolutionary history. We also

examined the phylogenetic distribution of the ubiquitin-
IMP fusion found in B. natans.

In addition to B. natans, genes for ubiquitin-IMP fu-
sion proteins were found in 87 different species across
the eukaryotic tree of life in a broad but ‘patchy’ distri-
bution; they are especially common in fungal genomes,
being found in 63 of the 88 species examined (Fig. 2). A
phylogenetic analysis of IMP proteins (Fig. 3) shows a
complex pattern in which eukaryotic and bacterial ho-
mologs are interspersed amongst one another, as are
IMP fusions and stand-alone IMP proteins. The location
of the ubiquitin domain relative to the IMP portion of
the protein was found to vary substantially amongst and
within taxa: both N- and C-terminal ubiquitin-IMP fu-
sions were found, with the ubiquitin itself being present
in various ways. This includes ubiquitin existing as a
full-length or partial monomer at the N or C terminus,
as a polyubiquitin, and even in a split form in which the
IMP domain is embedded within the N- and C-terminal
halves of ubiquitin or as a monomer within the IMP do-
main (Additional file 1: Figure S2). Interestingly, in the
majority of fungi in which ubiquitin-IMP fusions were
found, the ubiquitin moiety is located in the middle of
the IMP protein (in phylogenetic analyses, the fungal
IMP protein sequences all branched together to the
exclusion of other eukaryotic and bacterial sequences;
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Fig. 2 The distribution of ubiquitin-NiSOD and ubiquitin-IMP fusions throughout major eukaryote lineages. The cladogram shown is based on
Burki et al. (2016). A filled circle represents the presence of a given fusion (NiSOD = green, IMP = blue) within a particular group, while the
number inside a circle indicates the number of unique species that contain the ubiquitin fusion protein. A dashed line in the backbone of the
tree represents uncertainty in phylogenetic placement of the corresponding lineages. The single ubiquitin-NiSOD fusion shown in Stramenopiles

under ‘Other heterotrophs’ corresponds to a sequence from the marine labyrinthulid Aplanochytrium stocchinoi; it is unclear whether this
sequence comes from this non-photosynthetic organism or is an algal contaminant (see text)

Fig. 3). Even within a species the location of the ubiqui-
tin moiety relative to its IMP fusion partner is variable.
For example, the transcriptome of the dinoflagellate
Alexandrium tamarense [17] revealed the presence of
genes for both a ‘splitt form and a C-terminal
ubiquitin-IMP fusion, and the marine raphidophyte alga
Chattonella subsalsa has a split version and one with an

internal ubiquitin, the latter being similar to the arrange-
ment in most fungi (Additional file 1: Figure S2). In the
case of B. natans, multiple strains were found to have
IMPs fused to ubiquitin and as stand-alone genes/pro-
teins; they are all highly similar to one another (Fig. 3)
and the ubiquitin is located exclusively at the
N-terminus as a partial domain, as a single truncated
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Fig. 3 Phylogeny of integral membrane proteins (IMP). Ubiquitin-IMP fusions are indicated by a filled square next to a given taxon. OTUs are
colored according to the eukaryotic super-group to which they belong with Rhizaria in light blue, Alveolata in blue, Stramenopiles in dark blue,
Haptophyta in purple, Viridiplantae in green, Amoebozoa in gold, Fungi in brown, Euglenozoa in pink, other Excavata in orange and Bacteria in
grey. The maximum-likelihood tree shown was inferred using 442 OTUs and 155 sites under the model LG + R4 (as selected using a MFP model
test according to BIC) and is rooted in midpoint. Only bootstrap support values 280% are shown (based on 5000 UFboot iterations). Filled circles

0.2

along branches indicate maximum bootstrap support. The scale bar indicates 0.2 substitutions per site

ubiquitin moiety, or as a polyubiquitin-fusion with up to
three ubiquitin domains (Table 1 and Fig. 1). The individ-
ual ubiquitin monomers of the polyubiquitin were found
to exhibit minor sequence variation at the amino acid
level within and between strains (e.g., see B. natans se-
quences 232559 and CAMPEP_0172219668 in Additional
file 1: Figure S2).

In the case of the ubiquitin-NiSOD fusion gene, we
identified homologs in the B. natans reference genome
(CCMP2755; Table 1), G. theta (Table 2) and 114 other
eukaryotes. Many lineages (including B. natans (125878,

CAMPEP_0114180648) and G. theta (112465)) also pos-
sess stand-alone NiSOD-encoding genes. In phylogenetic
trees based on NiSOD proteins from both eukaryotes
and bacteria (Fig. 4), there is a well-supported split be-
tween non-fusion and ubiquitin fusion NiSOD proteins,
with non-fusion forms appearing more closely related to
bacterial NiSOD counterparts. In some cases, such as in
the pelagophyte Aureococcus anophagefferens, the
stand-alone NiSOD homologs branch next to their re-
spective fusion NiSODs (Fig. 4). In others, such as in G.
theta and haptophytes, the fused and non-fused NiSOD
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Stramenopiles (87 OTUs, 54 unique species fusion; 10 OTUs non-fusion)
Dinoflagellates (6 OTUs, 3 unique species fusion; 1 OTU non-fusion) |

Aureococcus anophagefferens (XP_009035284.1) W
Aureococcus anophagefferens (XP_009042293.1)
MPEP_01

u
(CAMPEP_0168904332)
Alexandrium tamarense (CAMPEP_0116472294) m
Paviova gyranss (CAMPEP_0206034236) m
Chrysoculter rhomboideus (CAMPEP_0119412820) m
Exanthemachrysis gayraliae (CAMPEP_0206008348)
" (CAMPEP_0198337352)
Dinoflagellates (74 OTUs, 24 unique species) m
“Sorites sp.” (CAMPEP_0114658982) W

Chrysochromulina brevifilum (CAMPEP_0174702330) m
Chrysochromulina polylepis (CAMPEP_0115793078) m
88 Alexandrium monilatum (CAMPEP_0175424816) m
Prorocentrum minimum (CAMPEP_0205793352) ®
Prymnesium parvum (CAMPEP_0182821638) m
Alexandrium andersonii (CAMPEP_0197759588) m
Scyphosphaera apsteinii (CAMPEP_0119308198) m
Emiliania huxleyi (CAMPEP_0196425486)
94F| Emiliania huxleyi (CAMPEP_0196512340)
Gephyrocapsa oceanica (CAMPEP_0185474228) m
Isochrysis sp. (CAMPEP_0202746312) ®
Imantonia sp. (CAMPEP_0206163948) m
Calcidiscus leptoporus (CAMPEP_0119356162) m
Chrysochromulina ericina (CAMPEP_0181192806) m
Chrysochromulina rotalis (CAMPEP_0115845650) W
Phaeocystis antarctica (CAMPEP_0198172342) m
“Aplanochytrium stocchinoi” (CAMPEP_0204861670) B
$£|—_Florencie//a parvula (CAMPEP_0119475964) m
Dictyocha speculum (CAMPEP_0185748420) m
Bigelowiella natans (CCMP1259, CAMPEP. 0159600402) L}
98| Bigelowiella natans (MMETSP: CCMP623, 1258) m
Bigelowiella longifila (CAMPEP_0185257594) m
Bigelowiella natans (CCMP2755, 36102) m
Bigelowiella natans MMETSP: CCMP1242, 2755)
Bigelowiella natans (CCMP2755, 53597) B
Lotharella amoebiformis (CAMPEP_0118611328) B
Gymnochlora sp. (CAMPEP_0167754914) m
Ch/urarachman reptans (CAMPEP_0114525666) m
Lotharella globosa (CAMPEP_0167792040) B
Lotharella oceanica (CAMPEP_0170167200) ®
Bigelowiella natans (MMETSP: CCMP1259, 1242, 623)
Bigelowiella natans (CCMP1259, CAMPEP_0169601122)
Bigelowiella natans (CCMP1242, CAMPEP_0185242352)
Bigelowiella natans (CCMP2755, CAMPEP_0114180648)
Bigelowiella longifila (CAMPEP_0185268692)
Gymnochlora sp. (CAMPEP_0167758480)
Lotharella globosa (CAMPEP_0114066904)
Chlorarachnion reptans (CAMPEP_0114524596)
Norrisiella sphaerica (CAMPEP_0184495566)
Norrisiella sphaerica (CAMPEP_0184487140) m
Lotharella globosa (CAMPEP_0167779080)
Lotharella oceanica (CAMPEP_0170175784) m
Symbiodinium sp. (CAMPEP_0196913832) m
Chrysoreinhardia sp. (CAMPEP_0118892058) m
Guillardia theta (XP_005824722.1) ®
Hanusia phi (CAMPEP_0169502194) W
Geminigera cryophila (CAMPEP_0179458678) m
“Myrionecta rubra” (CAMPEP _ 0179390642) L]
99, Ostreococcus tauri (XP_022838337.1)
Ostreococcus lucimarinus (XP_001415976.1)
0 tauri (XP_003074592.1) m
Ostreococcus mediterraneus (CAMPEP_0179694294)
Ostreococcus mediterraneus (CAMPEP_0179721136) m
190 Prasinoderma coloniale (CAMPEP_0195552892) m
Pycnococcus provasolii (CAMPEP_0206120620) B
(XP_( ).
95| Micromonas pusilla (CAMPEP_0203056670) m
Mantoniella antarctica (CAMPEP_0181358694) m
88 _ Micromonas pusilla (CAMPEP_0203005824) m
Micromonas sp (CAMPEP_0117637918) m
(CAMPEP_0116438022) m
8l Eutreptiella gymnastica (CAMPEP_0174324062)
L danicus (CAMPEP_0196801934) m
Oxyrrhis marina (CAMPEP_0204920886) m
Bathycoccus prasinos (CAMPEP_0198485574) m
Ostreococcus prasinos (CAMPEP_0179641852) m
97 L Bathycoccus prasinos (XP_007508755.1) m
86
Haptophytes (9 OTUs, 4 unique species)
Oxyrrhis marina (CAMPEP_0204981790)
Chrysochromulina brevifilum (CAMPEP_0174724240)
Chrysochromulina rotalis (CAMPEP_0115859980)
Chrysochromulina sp. (KO025156.1)
Haptophytes (8 OTUs, 7 unique species)
(6 OTUs, 3 unique species)
tramenopil TUs, 4 unique species)
Calcidiscus leptoporus (CAMPEP_0119363296)
Paviova sp. (CAMPEP_0185192904) x3 Guillardia theta (112465)

Chrysoculter rhomboideus (CAMPEP_0119415298)
Exanthemachrysis gayraliae (CAMPEP_0206031604)
Florenciella parvula (CAMPEP_0182546462)
Oxyrrhis marina (CAMPEP_0204938882)

99

93

Bigelowiella natans (CCMP2755, CAMPEP_0114187506)
Bigelowiella natans (MMETSP: CCMP1258, 1242, 623)
Bigelowiella longifila (CAMPEP_0185263700)
Bigelowiella natans (125878)

Bigelowiella natans (CCMP1259, CAMPEP_0169587140)
Norrisiella sphaerica (CAMPEP_0184481220)
Chiorarachnion reptans (CAMPEP_0114492450)

Lotharella oceanica (CAMPEP_0170176724)

Lotharella g/obosa (CAMPEP_0114077360)
(CAMPEP_0116420772)

(CAMPEP_0201526612)
Vannella robusta (CAMPEP_0206186466)

Tiarina fusus (CAMPEP_0117046172)
Rhodomonas sp. (CAMPEP_0202849654)
like sp. (CAMPEP_0182926814)

Symbiodinium sp. (CAMPEP_0196946122)

98

(CAMPEP_0197382090)

L Phaeomonas parva (CAMPEP 0118877294)
“Tetraselmis chuii”(CAMPEP_0177769760)
881 “Tetraselmis chuii” (CAMPEP_0177765364)
CAMPEP_0168618568)
L_ “Tetraselmis striata” (CAMPEP_0183934586)

Vannella sp. (CAMPEP_0114622950)

] Bacteria (227 OTUs)

Dinoflagellates (144 OTUs, 34 Unique Species)

Fig. 4 Phylogeny of NiSOD proteins. Ubiquitin-NiSOD fusions are indicated by a square next to a given taxon. OTUs are colored according to the
eukaryotic super-group to which they belong with Rhizaria in light blue, Alveolata in blue, Stramenopiles in dark blue, Haptophyta in purple, Cryptista
in light pink, Viridiplantae in green, Rhodophyta in Red, Amoebozoa in gold, Fungi in brown, Euglenozoa in pink, and Bacteria in grey. The maximum-
likelihood tree shown was inferred using 704 OTUs and 112 sites under the model LG + R4 (as selected using a MFP model test according to BIC) and
is rooted between NiSOD-fusion and non-fusion protein coding genes. Only bootstrap support values 280% are shown (based on 5000 UFboot
iterations). Filled circles along branches indicate maximum bootstrap support. The scale bar indicates 0.4 substitutions per site

0.4
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homologs branch in very different positions in the tree. In
B. natans and other chlorarachniophytes, there is both a
‘basal’ non-fusion NiSOD and a second non-fusion homo-
log nested within a clade of ubiquitin-NiSOD fusion pro-
teins. The presence of non-fusion NiSODs within
eukaryotes could reflect both the original stand-alone
NiSOD gene (when branching basal in close association
with bacteria) and loss of the N-terminal ubiquitin domain
(when branching with the fusion counterpart).

The presence of NiSOD genes in eukaryotes was first
noted by Palenik et al. [18], Dupont et al. [19], and
Schmidt et al. [20], who identified them in the genomes
of two closely related prasinophyte green algae, Ostreo-
coccus tauri and O. lucimarinus. Under the assumption
that NiSOD is ancestrally a prokaryotic protein, Dupont
et al. [19] and Schmidt et al. [20] hypothesized that these
Ostreococcus genes evolved by lateral gene transfer
(LGT) from bacteria, which was not an unreasonable
suggestion given what was known about their distribu-
tion at the time. More recently, Bayer et al. [21] and
Groussman et al. [22] found NiSOD in dinoflagellates,
diatoms and various other algae as well, and noted the
presence of ubiquitin coding regions fused in-frame with
the NiSOD gene, as did Schmidt et al. [20]. Given the
widespread, punctate distribution of ubiquitin-NiSOD
fusion genes demonstrated herein (Figs. 2 and 4), infer-
ring the evolutionary history of eukaryotic NiSOD and
the ubiquitin-NiSOD fusion is now much more
complicated.

The bacterial NiSODs analyzed in Fig. 4 include se-
quences from deltaproteobacteria (57), gammaproteo-
bacteria (14), planctomycetes (49), a few cyanobacteria,
and various other bacterial lineages, none of which ap-
pear particularly closely related to the eukaryotic
NiSODs fused to ubiquitin, or for that matter the
stand-alone NiSOD sequences from G. theta (112465),
B. natans (125878, CAMPEP_0114180648) and the
other eukaryotes that possess them. Nor is it clear which
eukaryotic lineage was the most probable recipient of
the NiSOD gene transfer from bacteria (see below), if in
fact that is what transpired. What is nevertheless striking
is that although the ubiquitin-NiSOD fusion is very
widely distributed across the tree of eukaryotes, it is al-
most exclusively restricted to marine algae. Within the
primary plastid-bearing eukaryotes (Archaeplastida), the
fusion is thus far only found in green algae belonging to
Prasinophyceae such as Ostreococcus and Micromonas;
green algae such as Chlamydomonas appear to lack the
fusion gene, as do streptophyte algae and land plants, as
well as red algae and glaucophyte algae (Fig. 2; see
below). All of the other algal groups, i.e., those with
plastids that are derived by secondary or tertiary endo-
symbiosis [23, 24], have at least some members that pos-
sess the fusion. This includes algae with secondary
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plastids of green algal ancestry such as chlorarachnio-
phytes (e.g., B. natans) and the marine euglenid Eutrep-
tiella gymnastica (but apparently not the fresh-water
Euglena gracilis), as well as those with red algal-type
plastids: cryptophytes (e.g., G. theta), haptophytes (e.g.,
Emiliania huxleyi), stramenopiles (heterokonts) such as
diatoms and the brown tide-causing pelagophyte Aureococcus
anophagefferens, and dinoflagellates (Figs. 2 and 4).

In the NiSOD tree, most of the dinoflagellate
ubiquitin-NiSOD fusions form a robust monophyletic clade
comprised of species containing the ancestral
peridinin-containing plastid as well as species with tertiary
plastids such as Karlodinium micrum and Karenia brevis
(74 OTUs in total, 24 unique species). Exceptions include
NiSOD fusions from Alexandrium tamarense (CAM-
PEP_0116438022), A. monilatum (CAMPEP_0175424816),
A. andersonii (CAMPEP_0197759588), Prorocentrum mini-
mum (CAMPEP_0205793352), Symbiodinium sp. (CAM-
PEP_0196913832), and the non-photosynthetic Oxyrrhis
marina (Symbiodinium sp. nevertheless also possesses mul-
tiple ubiquitin-NiSOD fusions within the above-mentioned
dinoflagellate clade). O. marina is a heterotrophic organism
that is generally believed to harbor a relic plastid [25, 26];
O. marina has a ubiquitin-NiSOD fusion that branches on
its own, ‘deep’ in the fusion portion of the tree, as well as
two stand-alone NiSODs (one branches in the lower
non-fusion part of the tree and the other within the upper-
most collapsed part of the ubiquitin-NiSOD fusion clade;
Fig. 2).

Only three non-photosynthetic, plastid-lacking eu-
karyotes were found to contain putative genes for
ubiquitin-NiSOD fusions, the marine labyrinthulid
Aplanochytrium stoccinoi, the foraminiferan Sorites
sp., and the marine ciliate Myrionecta rubra. Further
investigation, however, brings the provenance of all
three sequences into question. In the case of M.
rubra, the ubiquitin-NiSOD fusion sequence was
found to be identical to that of the cryptophyte
Geminigera cryophila (Fig. 4), upon whom the organ-
ism feeds as part of its kleptoplastidic lifestyle [27];
the ‘Myrionecta rubra’ sequence is thus very likely de-
rived from the prey cryptophyte. A similar explan-
ation probably also applies to Sorites sp., which
belongs to a group of foraminiferans that are known
to harbour symbiotic algae such as dinoflagellates and
diatoms [28]. The transcriptome-derived ‘Sorites sp.’
sequence is presumably a contaminant as it is nearly
identical at the protein level to a ubiquitin-NiSOD fu-
sion in Symbiodinium sp., a dinoflagellate known to
be isolated from the species [29]. Finally, marine
labyrinthulids such as A. stocchinoi are often cultured
on algae as a substrate (e.g., [30]), and so it is also
unclear whether this organism contains a bona fide
ubiquitin-NiSOD fusion gene.
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The extent to which gene fusions and fissions can
serve as reliable characters for inferring evolutionary re-
lationships is unclear. In essence, the debate revolves
around whether or not the same fusion — fission can
occur multiple times independently, and thus potentially
lead to erroneous conclusions about the evolutionary
history of the genes and organisms involved (e.g., [31-
34]). Nevertheless, if we assume that gene fusions lead-
ing to identical protein domain architecture are uncom-
mon, the most parsimonious explanation is that the
fusion of ubiquitin and NiSOD coding regions occurred
only once after the LGT event that gave rise to NiSOD
in eukaryotes. Furthermore, the limited distribution of
this fusion to phototrophic taxa suggests that its evolu-
tionary history is closely linked to that of plastids and
photosynthesis. Perhaps the fusion evolved on a single
occasion in a ‘primary’ algal lineage and subsequently
spread horizontally across the tree via higher order
endosymbiotic events. If so, the fact that in Archaeplas-
tida the fusion is only found in a small subset of green
algae means that the fusion event would have had to
have occurred within green algae after ‘higher’ strepto-
phytes and land-plants evolved, or that the fusion oc-
curred in the common ancestor of Archaeplastida and
was subsequently lost in red and glaucophyte algae as
well as land plants. Given that algae are known to con-
tain various nucleus-encoded SODs that perform similar
functions, including Mn-, CuZn-, and FeMn-SODs [35],
secondary loss of NiSOD is possible. It is also formally
possible that the apparent absence of ubiquitin-NiSOD
fusion genes in red and/or glaucophyte algae is due to
the reduced nature of sequenced red-algal genomes [36]
and/or a general underrepresentation of glaucophyte/red
algal genomes in public databases [37]; broader sampling
of these primary algal lineages could reveal the presence
of ubiquitin-NiSOD fusion genes in at least some of
their genomes.

Curiously, we identified what initially appeared to be a
non-fusion NiSOD in RNA-seq data from the crustose red
alga  Madagascaria  erythrocladiodes ~ (CAMPEP_019
8337352), which branches within ubiquitin-NiSODs from di-
verse eukaryotes (Fig. 4). However, close inspection of the
predicted N-terminus of this NiSOD revealed a stretch of ~
10 amino acids that is obviously homologous to the
C-terminus of ubiquitin (despite the fact that it is not a sta-
tistically significant match in terms of its e-value). This short
ubiquitin-like region, however, is missing conserved resi-
dues/motifs required for proper ubiquitin function [1-3]. At
present, we cannot confirm or refute the hypothesis that this
degenerate ubiquitin-NiSOD fusion is in fact from the red
alga M. erythrocladiodes; it could be a contaminant from an
alga with a red algal-derived plastid. It is also worth noting
that transcripts for one or more CuZn-, Mn- and
FeMn-SODs were found in the M. erythrocladiodes
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RNA-seq dataset, similar to those found in the genomes of
the red algae Chondrus crispus (CuZn- and FeMn-SODs),
Galdieria sulphuraria (FeMn-SOD), and Cyanidioschyzon
merolae (nuclear and mitochondrial Mn-SODs). Therefore,
there is currently no strong evidence for the presence of
bona fide ubiquitin-NiSOD fusion genes in Archaeplastida
beyond the prasinophyte green algae. This has implications
for how we interpret the origin and spread of both the
NiSOD protein itself and ubiquitin-NiSOD fusions in ‘com-
plex’ algae.

Rare genetic characters such as the ubiquitin-NiSOD
fusion discussed herein have the potential to shed light
on cell evolution in general and the spread of plastids in
particular. Wolfe-Simon et al. [35] concluded that “...
eukaryotic algae show a spectrum of SODs whose
nuclear-encoded genes are derived from endosymbiotic
events”. At the time, however, little could be said about
the evolutionary history of algal NiSODs due to the rela-
tively small number of genomes and transcriptomes
available for study. We have shown that the
ubiquitin-NiSOD fusion exhibits a broad but patchy dis-
tribution across the eukaryotic tree of life, being present
in a tiny corner of the Archaeplastida and in a vast array
of independently-evolved algae with both red- and
green-algal secondary and tertiary plastids but not in
their closest plastid-lacking relatives (e.g., oomycetes and
ciliates in the case of plastid-bearing alveolates, gonio-
monads in the case of cryptophytes; Figs. 2 and 4). We
thus favour the hypothesis that prasinophyte green algae
received the NiSOD portion of their ubiquitin-NiSOD
fusion gene by LGT not from a bacterium but from a
secondary or tertiary plastid-bearing alga. Precisely
which lineage was the donor is far from clear, nor is the
specific eukaryotic lineage that was the original recipient
of the NiSOD from bacteria (again assuming that this is
where eukaryotic NiSOD ultimately came from).

What we do know is that the punctate distribution of
the ubiquitin-NiSOD fusion gene in eukaryotes seems
most consistent with the bulk of recent genomic and
phylogenomic data in supporting a model of plastid evo-
lution whereby multiple higher order endosymbiotic
events spread red algal-type plastids across the eukaryotic
tree of life. Such a model begins with a single secondary
endosymbiosis involving a red algal endosymbiont and a
heterotrophic protist host, followed by multiple tertiary
and perhaps even quaternary endosymbioses (e.g., [24, 38,
39]). This contrasts the so-called ‘chromalveolate hypoth-
esis, which posited a single red algal secondary endosym-
biosis in a common ancestor shared by all organisms with
red algal-type plastids [40]. In the case of the
ubiquitin-NiSOD fusion, the challenge is to explain how
chlorarachniophytes (including B. natans) and at least
some euglenids, which possess green algal secondary plas-
tids of independent origin ([23, 41] and references
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therein), also came to possess the fusion gene. Indeed, the
presence of both ‘red’ and ‘green’ genes in algae with red
algal secondary plastids is a recurring—and puzzling—
theme, as is the existence of ‘red’ and ‘green’ genes in
chlorarachniophytes and euglenids (see [24, 39, 42] and
references therein). At the present time there are no easy
explanations. More broadly, future research will hopefully
illuminate the evolutionary and biogeochemical signifi-
cance of NiSOD in diverse marine algae, as well as the role
of ubiquitin fusions in eukaryotic cell biology. Our explor-
ation of the Guillardia theta and Bigelowiella natans ge-
nomes suggest that such fusions are more common, and
perhaps more important, than generally appreciated. As
noted above, given its small size the ubiquitin coding re-
gion is easily overlooked when fused to other genes. Ad-
dressing the question of ubiquitin fusion protein diversity
and evolution across the eukaryotic tree of life will require
a concerted manual effort to explore existing and newly
sequenced genomes.

Conclusions

We have shown that the genomes of two unrelated
algae—the cryptophyte Guillardia theta and the chlorar-
achniophyte Bigelowiella natans—possess an unexpect-
edly large number of genes for ubiquitin fusion proteins.
One of these genes encodes an ubiquitin-NiSOD fusion
protein that was found in a broad array of photosyn-
thetic organisms across the eukaryotic tree, including
algae with both red and green algal-derived ‘complex’
plastids. Given its absence in the heterotrophic lineages
to which the phototrophs are most closely related, the
ubiquitin-NiSOD fusion is a potentially useful character
with which to track the spread of plastids by
eukaryote-eukaryote endosymbiosis.

Methods

Ubiquitin proteins identified in the B. natans and G.
theta nuclear genomes (JGI gene catalogs http://geno-
me.jgi-psf.org/Bignal/Bignal.home.html and http://gen-
ome.jgi-psf.org/Guith1/Guithl.home.html, respectively)
were used to search for additional ubiquitin and
ubiquitin-fusion proteins using BLASTp [43]. The
resulting set of B. natans and G. theta proteins were an-
alyzed for the presence of signal and transit peptides
using SignalP (version 4.0; [44]) and TargetP (version
1.1; [45]). Additional ubiquitin proteins were identified
from strains of B. natans and G. theta in the NCBI nr
database and the Marine Microbial Eukaryote
Transcriptome Sequencing Project (MMETSP) ([46]; re-
trieved from https://www.imicrobe.us/#/projects/104)
database using BLASTp with the previously detected
ubiquitin proteins as queries. Only sequences that dif-
fered from those identified in the JGI gene catalogs were
retained for further analyses.
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Homologs of ubiquitin-NiSOD and ubiquitin-integral
membrane fusion proteins in B. natans and/or G. theta
were identified by homology searches using BLASTp
against a custom database consisting of protein se-
quences from the NCBI nr database and MMETSP. All
proteins with an e-value <le-10 were retrieved and ubi-
quitin versus gene-fusion regions were identified using a
combination of CD-search (conserved domain database
v3.16; [47]), InterPro [48] and manual curation. Identical
sequences from strains of a given species were reduced
to a single sequence with preferential retention of se-
quences from NCBI nr.

Sequences were initially aligned using MAFFT-linsi
(version 7.205; [49]) with default parameters and then
manually refined. Ambiguously aligned regions were re-
moved using BMGE (version 1.1; [50]) with slightly re-
laxed parameters to allow increased site retention
(default parameters with the exception of the entropy
score (0.6) and gap rate cut-off (0.5)). The resulting
trimmed alignments were used to infer phylogenies
based on maximum-likelihood methods in IQ-TREE
(version 1.5.5; [51]). Substitution models used to infer
the phylogenies were selected for each alignment ac-
cording to BIC using ModelFinder [52]. For each phyl-
ogeny, branch support was assessed using 5000 ultra-fast
bootstrap approximations [53].

Additional file

Additional file 1: Two additional phylogenetic analyses. Figure S1.
Phylogeny of ubiquitins in B. natans (light blue) and G. theta (light pink)
and the ubiquitin domain of eukaryotic ubiquitin-NiSOD fusion proteins.
The corresponding structure of the ubiquitin protein in B. natans or G.
theta is shown to the right of the OTU. The length of schematic bars
shown are proportional to protein length, where a ubiquitin monomer
indicates 76 amino acids. Fusion partners, where applicable, are indicated
in the OTU name and colored according to their annotation as in Fig. 1.
The maximum-likelihood tree shown was inferred using 197 OTUs and 76
sites under the model LG (as selected using a MFP model test according
to BIC) and is midpoint rooted. Only bootstrap support values 280% are
shown (based on 5000 UFboot iterations). The scale bar indicates 0.7
substitutions per site. Branches that were reduced in length show the
number of scale bar length reductions above the branch. Figure S2
Phylogeny of the ubiquitin portion of ubiquitin-IMP fusion proteins. OTUs
are colored according to the eukaryotic super-group to which they
belong: Rhizaria (light blue), Alveolata (blue), Stramenopiles (dark blue),
Haptophyta (purple), Viridiplantae (green), Amoebozoa (gold), Fungi
(brown), Euglenozoa (pink), and other Excavata (orange). Symbols next to
OTUs indicate which structural variant of ubiquitin the fusion protein
contains (as shown in the schematic in the key). If a protein contained
polyubiquitin monomers that differed in sequence, all ubiquitin domains
were retained in the tree and are indicated within the OTU name. The
maximum-likelihood tree shown was inferred using 156 OTUs and 76
sites under the model LG (as selected using a MFP model test according
to BIC) and is rooted in midpoint. Only bootstrap support values 280%
are shown (based on 5000 UFboot iterations). The scale bar indicates 0.3
substitutions per site. (PDF 216 kb)

Abbreviations
IMP: Integral membrane protein; LGT: Lateral gene transfer; MMETSP: Marine
Microbial Eukaryote Transcriptome Sequencing Project; NCBI: National Center


http://genome.jgi-psf.org/Bigna1/Bigna1.home.html
http://genome.jgi-psf.org/Bigna1/Bigna1.home.html
http://genome.jgi-psf.org/Guith1/Guith1.home.html
http://genome.jgi-psf.org/Guith1/Guith1.home.html
https://www.imicrobe.us/#/projects/104
https://doi.org/10.1186/s12864-018-5412-4

Sibbald et al. BMC Genomics (2019) 20:38

for Biotechnology Information; NiSOD: Nickle Superoxide Dismutase;
Ubig: Ubiquitin

Acknowledgements
We thank the editors and three reviewers for their helpful comments on an
earlier version of this manuscript.

Funding

This work was supported by an operating grant awarded to JMA from the Natural
Sciences and Engineering Research Council of Canada (RGPIN-2014-05871). SJS
was supported by a NSERC CGS-D graduate scholarship.

Availability of data and materials

The datasets analysed during the current study are available via the public
sequence repositories and accession numbers provided in Tables 1 and 2, as
well as in the figures.

Authors’ contributions

JMA designed the study; SJS, JFV and GVF carried out analyses; all authors
contributed to data interpretation; all authors wrote and revised the
manuscript; all authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Biochemistry and Molecular Biology, Dalhousie University, Sir
Charles Tupper Medical Building, 5850 College Street, PO Box 15000, Halifax,
Nova Scotia B3H 4R2, Canada. “Present Address: Informatics Program, Ontario
Institute for Cancer Research, 661 University Avenue, Suite 510, Toronto, ON
M5G 0A3, Canada.

Received: 28 August 2018 Accepted: 26 December 2018
Published online: 14 January 2019

References

1. Grice GL, Nathan JA. The recognition of ubiquitinated proteins by the
proteasome. Cell Mol Life Sci. 2016;73:3497-506.

2. Ndoja A, Cohen RE, Yao T. Ubiquitin signals proteolysis-independent
stripping of transcription factors. Mol Cell. 2014;53:893-903.

3. Uckelmann M, Sixma TK. Histone ubiquitination in the DNA damage
response. DNA Repair. 2017,56:92-101.

4. Krebber H, Wostmann C, Bakker-Grunwald T. Evidence for the existence of a
single ubiquitin gene in Giardia lamblia. FEBS Lett. 1994;343:234-6.

5. Archibald JM, Teh EM, Keeling PJ. Novel ubiquitin fusion proteins: ribosomal
protein P1 and actin. J Mol Biol. 2003;328:771-8.

6.  Finley D, Bartel B, Varshavsky A. The tails of ubiquitin precursors are
ribosomal proteins whose fusion to ubiquitin facilitates ribosome
biogenesis. Nature. 1989;338:394-401.

7. Curtis BA, Tanifuji G, Burki F, Gruber A, Irimia M, Maruyama S, et al. Algal
genomes reveal evolutionary mosaicism and the fate of nucleomorphs.
Nature. 2012;492:59-65.

8. Hao Y-H, Doyle J, Ramanathan S, Gomez TS, Jia D, Xu M, et al. Regulation of
WASH-dependent actin polymerization and protein trafficking by
ubiquitination. Cell. 2013;152:1051-64.

9. Hao Y-H, Potts RP. Ubiquitin puts actin in its place. Mol Cell. 2014;54:544-6.

10. Yuan W-C, Lee Y-R, Lin S-Y, Chang L-Y, Tan Y, Hung C-C, et al. K33-linked
Polyubiquitination of Coronin 7 by Cul3-KLHL20 ubiquitin E3 ligase
regulates protein trafficking. Mol Cell. 2014;54:586-600.

11, Pickart CM, Eddins MJ. Ubiquitin: structures, functions, mechanisms. Biochim
Biophys Acta. 2004;1695:55-72.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 12 of 13

Nenoi M, Ichimura S, Mita K. Interspecific comparison in the frequency
of concerted evolution at the Polyubiquitin gene locus. J Mol Evol.
2000,51:161-5.

Keeling P, Doolittle WF. Concerted evolution in protists: recent
homogenization of a polyubiquitin gene in Trichomonas vaginalis. J Mol
Evol. 1995,41:556-62.

Nei M, Rooney AP. Concerted and birth-and-death evolution of multigene
families. Genetics. 2005;39:121-52.

Liu X, Shi F, Gong J. Variations and evolution of polyubiquitin genes from
ciliates. Eur J Protistol. 2013;49:40-9.

Catic A, Ploegh HL. Ubiquitin — conserved protein or selfish gene? Trends
Biochem Sci. 2005;30:600-4.

Moustafa A, Evans AN, Kulis DM, Hackett JD, Erdner DL, Anderson DM, et al.
Transcriptome profiling of a toxic dinoflagellate reveals a gene-rich Protist
and a potential impact on gene expression due to bacterial presence. PLoS
One. 2010;5:29688.

Palenik B, Grimwood J, Aerts A, Rouzé P, Salamov A, Putnam N, et al. The
tiny eukaryote Ostreococcus provides genomic insights into the paradox of
plankton speciation. Proc Natl Acad Sci. 2007;104:7705-10.

Dupont C, Neupane K, Shearer J, Palenik B. Diversity, function and evolution
of genes coding for putative Ni-containing superoxide dismutases. Environ
Microbiol. 2008;10:1831-43.

Schmidt A, Gube M, Schmidt A, Kothe E. In silico analysis of nickel containing
superoxide dismutase evolution and regulation. J Basic Microb. 2009;49:109-18.
Bayer T, Aranda M, Sunagawa S, Yum LK, DeSalvo MK, Lindquist E, et al.
Symbiodinium transcriptomes: genome insights into the dinoflagellate
symbionts of reef-building corals. PLoS One. 2012;7:¢35269.

Groussman RD, Parker MS, Armbrust VE. Diversity and evolutionary history
of Iron metabolism genes in diatoms. PLoS One. 2015;10:0129081.
Keeling PJ. The number, speed, and impact of plastid Endosymbioses in
eukaryotic evolution. Plant Biol. 2013;64:583-607.

Bodyt A. Did some red alga-derived plastids evolve via kleptoplastidy? A
hypothesis. Biol Rev. 2018,93:201-22.

Slamovits CH, Keeling PJ. Plastid-derived genes in the nonphotosynthetic
Alveolate Oxyrrhis marina. Mol Biol Evol. 2008;25:1297-306.

Slamovits CH, Keeling PJ. Contributions of Oxyrrhis marina to molecular
biology, genomics and organelle evolution of dinoflagellates. J Plankton
Res. 2011,33:591-602.

Johnson MD, Oldach D, Delwiche CF, Stoecker DK. Retention of
transcriptionally active cryptophyte nuclei by the ciliate Myrionecta rubra.
Nature. 2007;445(7126):426-8.

Lee JJ, Cervasco MH, Morales J, Billik M, Fine M, Levy O. Symbiosis drove
cellular evolution. Symbiosis. 2010;51:13-25.

Lee J, McEnery M, Kahn E, Schuster F. Symbiosis and the evolution of larger
foraminifera. Micropaleontology. 1979;25:118.

Moro |, Negrisolo E, Callegaro A, Andreoli C. Aplanochytrium stocchinoi: a
new Labyrinthulomycota from the Southern Ocean (Ross Sea, Antarctica).
Protist. 2003;154:331-40.

Yanai |, Wolf Y1, Koonin EV. Evolution of gene fusions: horizontal transfer
versus independent events. Genome Biol. 2002;3:0024.1-3.

Kummerfeld SK, Teichmann SA. Relative rates of gene fusion and fission in
multi-domain proteins. Trends Genet. 2005;21:25-30.

Leonard G, Richards TA. Genome-scale comparative analysis of gene fusions,
gene fissions, and the fungal tree of life. Proc Natl Acad Sci. 2012;109:
21402-7.

Gawryluk R, Eme L, Roger AJ. Gene fusion, fission, lateral transfer, and loss:
not-so-rare events in the evolution of eukaryotic ATP citrate lyase. Mol
Phylogenet Evol. 201591:12-6.

Wolfe-Simon F, Grzebyk D, Schofield O, Falkowski PG. The role and
evolution of superoxide dismutases in algae. J Phycol. 2005;41:453-65.

Qiu H, Price DC, Yang E, Yoon H, Bhattacharya D. Evidence of ancient
genome reduction in red algae (Rhodophyta). J Phycol. 2015;51:624-36.
Sibbald SJ, Archibald JM. More protist genomes needed. Nat Ecol Evol. 2017;1:145.
Stiller JW, Schreiber J, Yue J, Guo H, Ding Q, Huang J. The evolution of
photosynthesis in chromist algae through serial endosymbioses. Nat
Commun. 2014;5:5764.

Archibald JM. Genomic perspectives on the birth and spread of plastids.
Proc Nat Acad Sci. 2015;112:10147-53.

Cavalier-Smith T. Principles of protein and lipid targeting in secondary
Symbiogenesis: Euglenoid, dinoflagellate, and Sporozoan plastid origins and
the eukaryote family tree. J Eukaryot Microbiol. 1999,46:347-66.



Sibbald et al. BMC Genomics (2019) 20:38 Page 13 of 13

41, Jackson C, Knoll AH, Chan C, Verbruggen H. Plastid phylogenomics with
broad taxon sampling further elucidates the distinct evolutionary origins
and timing of secondary green plastids. Sci Rep. 2018,8:1523.

42. Dorrell RG, Gile G, McCallum G, Méheust R, Bapteste EP, Klinger CM, et al.
Chimeric origins of ochrophytes and haptophytes revealed through an
ancient plastid proteome. elife. 2017,6:.23717.

43, Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. J Mol Biol. 1990:215:403-10.

44. Petersen T, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating
signal peptides from transmembrane regions. Nat Methods. 2011;8:785-6.

45. Emanuelsson O, Brunak S, von Heijne G, Nielsen H. Locating proteins in
the cell using TargetP, SignalP and related tools. Nat Protocols. 2007;2.
https://doi.org/10.1038/nprot.2007.131.

46.  Keeling PJ, Burki F, Wilcox HM, Allam B, Allen EE, Amaral-Zettler LA, et al.
The marine microbial eukaryote transcriptome sequencing project
(MMETSP): illuminating the functional diversity of eukaryotic life in the
oceans through transcriptome sequencing. PLoS Biol. 2014;12:¢1001889.

47. Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY,
et al. CDD: NCBI's conserved domain database. Nucleic Acids Res. 201543:
D222-6.

48. Finn RD, Attwood TK, Babbitt PC, Bateman A, Bork P, Bridge AJ, et al.
InterPro in 2017—beyond protein family and domain annotations. Nucleic
Acids Res. 2017,45:D190-9.

49. Katoh K, Standley D. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol Biol Evol. 2013;30:772-80.

50. Criscuolo A, Gribaldo S. BMGE (Block mapping and gathering with entropy):
a new software for selection of phylogenetic informative regions from
multiple sequence alignments. BMC Evol Biol. 2010;10:1-21.

51. Nguyen L-T, Schmidt HA, von Haeseler A, Minh B. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol. 2015;32:268-74.

52. Kalyaanamoorthy S, Minh B, Wong TK, von Haeseler A, Jermiin LS.
ModelFinder: fast model selection for accurate phylogenetic estimates. Nat
Methods. 2017;14:587-9.

53. Minh B, Nguyen M, von Haeseler A. Ultrafast approximation for
phylogenetic bootstrap. Mol Biol Evol. 2013;30:1188-95.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1038/nprot.2007.131

	Abstract
	Background
	Results
	Conclusion

	Background
	Ubiquitin and ubiquitin fusion proteins in Bigelowiella natans and Guillardia theta
	Evolution of ubiquitin and its fusion partners
	Ubiquitin fusion proteins in algae—implications for plastid evolution
	Conclusions
	Methods
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

