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Abstract

GTPases of Immunity-Associated Proteins (GIMAP) are a group of small GTP-binding proteins found in a variety of organisms,

including vertebrates, invertebrates, and plants. These proteins are characterized by the highly conserved AIG1 domain, and in

vertebrates, have been implicated in regulation of the immune system as well as apoptosis and autophagy, though their exact

mechanism of action remains unclear. Recent work on cnidarian GIMAPs suggests a conserved role in immunity, apoptosis, and

autophagy—three processes involved in coral bleaching, or the breakdown of cnidarian-dinoflagellate symbiosis. Therefore, to

further understand the evolution of GIMAPs in this group of organisms, the purpose of this study was to characterize GIMAP or

GIMAP-like sequences utilizing publicly available genomic and transcriptomic data in species across the cnidarian phylogeny. The

results revealedapatchydistributionofGIMAPs incnidarians,with threedistinct types referredtoasL-GIMAP,S-GIMAP,andGIMAP-

like.Additionally,GIMAPswerepresent inmostdinoflagellate species and formedsevenwell-supportedclades.Overall, these results

elucidate the distribution of GIMAPs within two distantly related eukaryotic groups and represent the first in-depth investigation on

the evolution of these proteins within both protists and basal metazoans.
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Introduction

GIMAPs, or GTPases of Immunity-Associated Proteins, are a

recently discovered group of small G proteins that in verte-

brates, play a role in immunity, apoptosis, and autophagy

(Cambot et al. 2002; Nitta et al. 2006; Pascall et al. 2018).

GIMAPs are characterized by the presence of the AIG1 do-

main, which functions in GTP binding (Nitta et al. 2006).

Additionally, GIMAPs are traditionally defined as containing

a coiled-coil motif, with a proposed function in protein–pro-

tein interactions (Lu et al. 2020; Limoges et al. 2021).

Significance

Previous research indicated a role for cnidarian GIMAPs in immunity, apoptosis, and autophagy, three processes

known to be impacted by their symbiotic relationship with dinoflagellates. Additionally, previous work revealed

GIMAPs were present in two symbiotic corals, but lacking in a nonsymbiotic anemone, raising questions about their

evolution within this phylum. Therefore, as these proteins could be important in regulating processes related to

symbiosis, the goal of this research was to characterize GIMAP proteins in a diversity of cnidarians and determine if

these proteins are also present in dinoflagellates. The results indicate a patchy distribution of three GIMAP types within

cnidarians and widespread distribution of GIMAPs in dinoflagellates, indicating a complex evolutionary history and

broader distribution within eukaryotes than previously noted.
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Although the exact mechanism of action is still unclear for

GIMAPs, it is known that GTPase activity is stimulated by di-

merization, and that only some GIMAPs possess catalytic ca-

pabilities (Schwefel et al. 2013). It has been shown that

GIMAPs form oligomer scaffolds, which may contribute to

their ability to alter cellular activities. Specifically, it was pro-

posed that GIMAPs that lack GTPase activity exist in the GTP-

bound state, which favors scaffold formation, whereas those

with catalytic activity disrupt scaffold formation (Schwefel

et al. 2010, 2013; Ciucci and Bosselut 2014).

Although each vertebrate GIMAP plays a specific role in the

cell, most are thought to function in regulation of the adap-

tive immune system, particularly in T-cell development and

homeostasis (Ciucci and Bosselut 2014; Limoges et al.

2021). Some GIMAPs interact with Bcl-2 family members,

which function to induce or inhibit apoptosis, providing a

mechanism by which GIMAPs control the survival or death

of immune cells. Specifically, mouse GIMAP4 has been shown

to interact with Bax, a pro-apoptotic Bcl-2 member, whereas

GIMAP3 and GIMAP5 interact with the anti-apoptotic Bcl-2

and Bcl-xL proteins (Nitta et al. 2006). GIMAPs have also been

shown to play a role in autophagy of immune cells.

Specifically, GIMAP6 localizes to autophagosomes in starved

T-cells, and was shown to be important in maintaining appro-

priate peripheral T-cell levels (Pascall et al. 2013, 2018).

Overall, vertebrate GIMAPs are involved in several cell death

related processes to regulate immune cell development and

homeostasis.

Although previously thought to be limited to vertebrates

and plants, GIMAPs have also been identified in some inver-

tebrates including cnidarians, molluscs, cephalochordates,

and hemichordates (Weiss et al. 2013; McDowell et al.

2016; Lu et al. 2020). Additionally, there is growing evidence

for a conservation of function in immunity, apoptosis, and

autophagy for cnidarians GIMAPs. Specifically, massive upre-

gulation of three GIMAP transcripts in the coral Acropora

millepora was observed in response to treatment with mur-

amyl dipeptide, a component of the bacterial cell wall, sug-

gesting a role for these proteins in immunity (Weiss et al.

2013). Furthermore, a study in the anemone Exaiptasia pallida

documented an overall downregulation of GIMAPs in re-

sponse to induction of apoptosis and autophagy, indicating

further conservation of function to their vertebrate counter-

parts (Bailey et al. 2020). Immunity, apoptosis, and autophagy

are three processes linked to both cnidarian-dinoflagellate

symbiosis and coral disease (Dunn et al. 2007; Hanes and

Kempf 2013; Fuess et al. 2017). Since the breakdown of

cnidarian-dinoflagellate symbiosis, or coral bleaching, and

coral disease are currently major threats to the reef ecosystem

(Precht et al. 2016; Hughes et al. 2018), further research into

cnidarian GIMAPs is warranted.

Cnidarian GIMAPs are also of interest from an evolutionary

perspective, as it was previously shown that GIMAPs were

present in two closely related symbiotic coral species, but

absent from the nonsymbiotic anemone Nematostella vecten-

sis (Weiss et al. 2013). This raises the question of whether

symbiotic status can explain the distribution of GIMAPs in

cnidarians. To fully understand GIMAPs in the holobiont, it

was also of interest to explore GIMAP distribution within the

dinoflagellate symbionts. Although GIMAPs have not formally

been characterized in protists, proteins containing the AIG1

domain have been shown to play a role in virulence of the

protistan parasite Entamoeba histolytica via regulation of ad-

hesion to host cells (Nakada-Tsukui et al. 2018). Therefore,

investigation of whether dinoflagellates contain GIMAPs or

AIG1 proteins is warranted as they may play a similar role to

those in E. histolytica in the context of cnidarian-dinoflagellate

symbiosis. Furthermore, GIMAP distribution remains

completely unexplored in protists, making this a novel area

of research.

The goal of this study was to identify GIMAP or GIMAP-like

sequences in a diversity of cnidarian and dinoflagellate species

and perform phylogenetic analysis to determine their relation-

ship to known GIMAPs. This information provides a more

holistic understanding of GIMAP evolution across eukaryotes

and on the relationship between symbiotic status and GIMAP

distribution. The results indicate a patchy distribution of

GIMAPs in Cnidaria with three distinct types, whereas

GIMAPs are present in almost all dinoflagellate species sur-

veyed. There were no clear patterns observed between

GIMAP distribution and symbiotic status for either cnidarians

or dinoflagellates, suggesting other factors influence GIMAP

evolution.

Results

Cnidarian GIMAPs Have a Patchy Distribution and Form
Three Distinct Clades on the Phylogenetic Tree

114 GIMAP sequences were identified in 29 different antho-

zoan species, including those belonging to orders Actiniaria,

Corallimorpharia, and Scleractinia (table 1 and supplementary

file S1, Supplementary Material online). However, no GIMAPs

were found in species within class Hydrozoa, Cubozoa, or

Scyphozoa (table 1). Even within Class Anthozoa, a patchy

distribution of GIMAPs was observed, with some species con-

taining many GIMAPs and others, such as those in Subclass

Octocorallia, containing none.

The BLAST searches demonstrated that some anthozoan

GIMAPs seemed more similar to human sequences, whereas

others were more similar to the A. millepora sequences, lead-

ing to the hypothesis that there were multiple types of cni-

darian GIMAPs. To investigate this hypothesis, maximum

likelihood phylogenetic analysis was performed. The results

revealed that there were three groups of cnidarian GIMAPs

that separate into distinct clades on the phylogenetic tree

with moderate to high bootstrap support (fig. 1). The first

group, termed L-GIMAPs (L for long length) included
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sequences from corallimorpharians and scleractinians, but no

actinarian sequences. The second group, termed S-GIMAPs

(S for short length), was sister to the L-GIMAPs and con-

tained sequences from actinarians and limited scleractinians

including the genera Acropora and Agaricia. Notably, the

GIMAPs previously characterized in both A. millepora

(Weiss et al. 2013) and Exaiptasia pallida (Bailey et al.

2020) fell within this clade. Lastly, the third group contained

sequences from select scleractinian species, and was termed

GIMAP-like proteins.

The distribution of these three GIMAP types did not show a

clear pattern in regards to the anthozon phylogeny or symbi-

otic status. For example, Actiniaria contained only S-GIMAP

sequences. However, consistent with previous research (Weiss

et al. 2013), N. vectensis lacked GIMAP sequences as did an-

other anemone, Nemanthus sp. However, for Nemanthus sp.,

transcriptome data were utilized and therefore this conclusion

is not definitive. Out of the anemone species that did contain

S-GIMAPs, about half were symbiotic and half nonsymbiotic,

indicating no relationship between symbiotic status and dis-

tribution for S-GIMAPs. Both corallimorph species searched

contained multiple L-GIMAPs. Lastly, GIMAP distribution

was much less consistent within Scleractinia. Of the three

GIMAP types identified on the tree, some species searched

contained only one GIMAP type, whereas others contained

two, and this was not always consistent within a family or

genus. For example, the genera Acropora and Agaricia con-

tained species with both L- and S-GIMAPs. However, within

Acropora, where sequence data for several species are readily

available, the story was even more complex. For the two

genomes searched within this genus, Acropora digitifera pos-

sessed both L- and S-GIMAPs, whereas Acropora tenuis had

only L-GIMAPs. Another example includes the family

Pocilloporidae, where two species, Stylophora pistillata and

Pocillopora damicornis were searched. S. pistillata contained

L-GIMAPs and GIMAP-like proteins, whereas P. damicornis

was one of the few species that contained only GIMAP-like

proteins. When considering symbiotic status, the large major-

ity of the corals searched were symbiotic, but nonsymbiotic

species did contain either L-GIMAPs or GIMAP-like proteins.

Overall, these data indicate that the distribution of all three

GIMAP types within cnidarians is patchy and does not

completely mirror the anthozoan phylogeny or symbiotic

status.

Presence of the Coiled-Coil Motif Correlates to Cnidarian
GIMAP Groups

Interestingly, when looking at the phylogeny, a pattern

emerges in regards to the COILS results. The output revealed

Table 1

Distribution of GIMAP Proteins in Anthozoans

Subclass Order Genus L-GIMAP S-GIMAP GIMAP-Like

Hexacorallia Actiniaria Actinia �

Anthopleura �

Aulactinia �

Calliactus �

Exaiptasia �

Nemanthus

Nematostella

Telmatactis �

Scleractinia Acropora Some Some

Agaricia � �

Astreopora �

Dendrophyllia �

Eguchipsammia �

Fungia � �

Galaxea � �

Goniastrea � �

Orbicella �

Pocillopora �

Porites � Some

Rhizotrochus �

Siderastrea � �

Stylophora � �

Corallimorpharia Amplexidiscus �

Discosoma �

Octocorallia Alcyonacea Gorgonia

Pennatulacea Renilla
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that for the 114 cnidarian sequences, 57 (50%) had a prob-

ability of 0.5 or greater of containing a coiled-coil region (sup-

plementary file S1, Supplementary Material online).

Additionally, the presence of the coiled-coil domain was

strongly correlated with GIMAP type (Cramer’s V test, 0.56).

The majority of the sequences that did not contain the coiled-

coil region are either within the S-GIMAPs or GIMAP-like pro-

teins. Specifically, within the three groups on the tree, 28% of
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FIG. 1.—Maximum likelihood phylogenetic analysis of cnidarian GIMAP proteins. Phylogenetic analysis was performed using PhyML with 500 bootstrap

replicates. The three GIMAP types are indicated with color blocking and the bootstrap value proportions for major nodes on the tree are indicated.
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S-GIMAPs (13 out of 46), 25% of GIMAP-like proteins (3 out

of 12), and 85% (41 out of 48) of L-GIMAPs contained coiled-

coils. For the majority of these sequences, the probability

value was in the range of 0.8–1, indicating strong evidence

for the presence of this structural feature (supplementary file

S1, Supplementary Material online). The majority of the L-

GIMAP sequences that do not have the coiled-coil region

are below 400aa (with the exception of Plo_GIMAP2 and

Rt_GIMAP2) indicating that the genome assemblies may be

incorrect and/or the part of the sequence containing the

coiled coil may be missing.

GIMAP-Like Sequences Are Present in Most Dinoflagellate
Species

GIMAP-like sequences were identified in 23 Dinophyceae spe-

cies, which included all organisms searched, except Oxyrrhis

marina (fig. 2). Four of the datasets searched were genomes,

all within the family Symbiodiniaceae, including Breviolum

minutum, Fugacium kawagutii, Symbiodinium microadriati-

cum, and Symbiodinium tridacnidorum. The BLAST searches

revealed that these genomes contained multiple GIMAPs,

specifically five for B. minutum, two for F. kawagutii, six for

S. microadriaticum, and three in S. tridacnidorum. The remain-

ing dinoflagellate species searched only had transcriptomes

available and most contained a similar number of GIMAPs to

those found in the Symbiodiniaceae genomes, ranging from 0

in O. marina to 14 in Crypthecodinium cohnii seligo (fig. 2).

When assessed for the coiled-coil motif, a similar percent-

age of sequences contained this region compared with what

was found for the cnidarian sequences. Out of the 114 dino-

flagellate sequences, 69 (61%) had a probability of 0.5 or

greater of containing a coiled-coil domain (supplementary

file S1, Supplementary Material online). Most of these were

close to one, indicating high confidence and many sequences

contained more than one region with a probable coiled coil.

Dinoflagellate GIMAP Proteins Separate into Seven Distinct
Clades on the Phylogenetic Tree

The results of Bayesian analysis indicate that there are several

distinct clades of dinoflagellate GIMAP sequences, similar to

what was found for cnidarians. Specifically, the tree contained

seven well-supported groups, with additional sequences ei-

ther on their own, in small clades (defined as less than six

sequences), or in clades that had low support (fig. 3). The

largest of these groups, termed A, contains all sequences

from thecates, including all Symbiodiniaceae genera used in

this study, with the exception of one Karenia brevis sequence.

Group B is quite different in its composition in that it contains

sequences mostly from more basal species, but lacks any from

Gonyaulacales, Suessiales, and Peridiniales. Several of the

FIG. 2.—Dinoflagellate species tree with number of GIMAPs obtained through BLAST searches. Relationships between species used in this study was

based off of previous dinoflagellate phylogenies (Janou�skovec et al. 2017; Price and Bhattacharya 2017; LaJeunesse et al. 2018). For each, the number of

GIMAPs present is indicated in parentheses along with whether these data were obtained from a genome (bolded) or transcriptome (nonbolded).
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more basal dinoflagellate species used, including Noctiluca

scintillans and Karlodinium micrum only have sequences

within this clade of the tree. Groups C and E are similar to

A in that they contain all thecate sequences with the

exception of one from K. brevis. Group D includes a line-

age-specific expansion of C. cohnii seligo sequences with

one sequence each from three other species. Group F con-

tains almost all sequences from the Peridiniales species, with
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FIG. 3.—Bayesian analysis of dinoflagellate GIMAP proteins. Phylogenetic analysis was performed with Mr Bayes and the seven major groups of

sequences (A–G) are highlighted with unique colors. Posterior probabilities for major nodes on the tree are indicated.
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one sequence each from Azadinium spinosum and Ceratium

fusus. Lastly, Group G lacks Symbiodiniaceae sequences, but

contains species from groups across the dinoflagellate

phylogeny.

Similar to the patchy distribution observed in cnidarians,

the Symbiodiniaceae genomes searched in this study revealed

variation in the number and types of GIMAPs present. For

example, group A contains a sequence from

S. tridacnidorum, but not S. microadriaticum, group C lacks

sequences from F. kawagutii and S. tridacnidorum, and lastly,

S. microadriaticum contains several sequences that are distinct

from all others on the tree, including Sm_GIMAP1, 3, 4, and

5. Therefore, variation in the number and type of GIMAP can

also exist at the genus level for dinoflagellates.

The presence of the coiled-coil domain was also correlated

with dinoflagellate GIMAP type, but this relationship was not

as strong as for cnidarians (Cramer’s V, 0.40). For group A, 30

out of 32 (94%) contained the coiled-coil domain, and the

two sequences that did not (Ba_GIMAP3 and Bpse_GIMAP6)

were significantly shorter than the others suggesting they

may be incomplete. However, the distribution of the coiled-

coil motif was patchy within the other groups. Specifically, in

group B, 9 out of 12 (75%) sequences contained the coiled-

coil domain; in group C, 13 out of 17 sequences (76%); group

D, 5 out of 10 (50%); group E, 1 out of 11 (9%); group F, 4

out of 11 (36%); and group G, 2 out of 6 (33%).

Multiphyla Tree Indicates Cnidarian and Dinoflagellate
Sequences Are Largely Distinct from Previously
Characterized GIMAPs

Phylogenetic analysis of cnidarian and dinoflagellate GIMAP

sequences with other previously characterized GIMAPs from

vertebrates, invertebrates, plants, and protists revealed several

interesting findings. First, for the cnidarian sequences, the

representative L-GIMAP, S-GIMAP, and GIMAP-like sequen-

ces were recovered in the same groups as shown in the cni-

darian tree, providing further evidence for these three distinct

types (fig. 4). Each of these groups fell in a distinct location in

the tree, with the S-GIMAP as an independent clade within a

large group that was mostly unresolved. The GIMAP-like se-

quence clade was also within this same large group, and in-

terestingly grouped with a sequence from the dinoflagellate

Alexandrium tamerense with strong support. Lastly, the L-

GIMAPs were located sister to a group of sequences from

the cephalochordate Branchiostoma floridae, though with

low support, indicating minimal confidence in this grouping.

Overall, the only cnidarian GIMAP group that showed similar-

ity to other animal sequences was the L-GIMAPs.

All of the major groups identified on the dinoflagellate tree

were also recovered, but the relationships between these

groups were slightly different (fig. 4). For example, in the di-

noflagellate tree, B and C grouped together with strong sup-

port. However, in the multiphyla tree, group C was more

closely related to group E, though groups B, C, D, and E

were still in a larger clade together with moderate support

in both trees. There were also interesting results recovered for

the relationship between other protist and dinoflagellate

sequences. Most notable was that a sequence from the hap-

tophyte Chrysochromulina was located in a clade with

sequences belonging to dinoflagellate group C indicating

that they likely share an evolutionary origin. Additionally, pre-

viously characterized E. histolytica sequences fell within a

clade with group F dinoflagellate sequences with moderate

support. However, aside from groups C and F, the other di-

noflagellate groups showed no clear relationship to known

GIMAP proteins.

Discussion

A Patchy Distribution of GIMAPs Is Not Unique to
Cnidarians

The results of this study demonstrated that GIMAPs have a

patchy distribution in cnidarians, where hydrozoans, scypho-

zoans, and cubozoans lack GIMAPs, actinarians have S-

GIMAPs, corallimorpharians have L-GIMAPs, and scleracti-

nians show the most variation with one or more of L-

GIMAPs, S-GIMAPs, and GIMAP-like proteins (table 1). This

patchy distribution is not surprising given the overall distribu-

tion of GIMAPs in metazoans, which is marked by indepen-

dent loss-events and lineage-specific expansions (Weiss et al.

2013; McDowell et al. 2016). Previous studies provide evi-

dence for the presence of GIMAPs in corals, molluscs, ceph-

alochordates, and hemichordates, but they have not been

detected in sponges, placozoans, urochordates, echinoderms,

and the model invertebrates Caenorhabditis elegans and

Drosophila melanogaster (Weiss et al. 2013; McDowell et al.

2016). A patchy distribution of GIMAPs at the phylum level is

also not unique to cnidarians. In a comprehensive study of

AIG1 proteins in molluscs, the number of GIMAPs (defined by

AIGþcoiled-coil) varied greatly across species, ranging from 0

in two cephalopod species to 64 in the snail Biomphalaria

glabrata (Lu et al. 2020). Likewise, within vertebrates, a recent

study showed that within the Aves/reptile and mammalian

groups, there were species that lacked GIMAP genes (Balla

et al. 2020). Together, these data demonstrate that GIMAP

gene evolution across metazoans is complex and future re-

search will increase our understanding of the functional con-

sequence of this patchy distribution.

Distribution of Cnidarian GIMAPs Was Not Related to
Symbiotic Status

The patchy distribution observed in this study did not support

the original hypothesis that the distribution of GIMAPs in

cnidarians could be explained by variation in symbiotic status.

Within the dataset, there were examples of both symbiotic

and nonsymbiotic species that contained and lacked all three
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GIMAP types (table 1 and supplementary table S1,

Supplementary Material online). However, the general lack

of GIMAPs within medusozoans matches results previously

observed for immunity related genes. Specifically, medusozo-

ans were found to lack prototypical pattern recognition

receptors including Nod-like receptors (NLRs), Toll-like recep-

tors (TLRs), and RIG-like receptors that were present in most

anthozoan species and had less complete NF-kB and comple-

ment pathways (Emery et al. 2021). For TLRs, it was hypoth-

esized that this increased complexity in anthozoans,
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particularly scleractinians, could be attributed to regulating

the microbiome composition (Poole and Weis 2014; Emery

et al. 2021). Similarly, increased NLR diversity was proposed to

increase specificity in the immune response (Emery et al.

2021). Therefore, since current evidence suggests cnidarian

GIMAPs play a role in immunity and the related processes of

apoptosis and autophagy, it can be hypothesized their pres-

ence could also contribute to a greater diversity and specificity

in the immune response.

Evolutionary Origin of Cnidarian GIMAPs Remains Largely
Unresolved by Multiphyla Tree

The multiphyla analysis did not clearly resolve the origin of

each cnidarian GIMAP type, with all three falling in different

locations on the tree. L-GIMAPs were located in a clade with

sequences from the cephalochordate B. floridae, but the

support value was low, providing little confidence for this

grouping. However, based on BLAST searches, L-GIMAPs

did show the greatest similarity to human GIMAPs out of

the three types (data not shown), and this combined with

their placement on the tree and the presence of the coiled-

coil motif suggests they may be ancestral GIMAPs. The evo-

lutionary origin of the S-GIMAPs and GIMAP-like proteins is

less clear and will require further investigation. S-GIMAPs

formed an independent clade on the multiphyla GIMAP

tree and were only found in actinarians and two genera of

scleractinians. Therefore, it seems likely that these proteins

were subsequently lost from corallimorphs and many scler-

actinian lineages. Lastly, GIMAP-like proteins formed a clade

with the dinoflagellate sequence At_GIMAP1 with strong

support, which was an unexpected result. However, further

investigation will need to be done to provide convincing ev-

idence for their relation to dinoflagellate sequences. Further

availability of sequenced genomes within this phylum will

help to confirm and explain the patterns observed in this

study.

Dinoflagellate GIMAPs Show Widespread Distribution and
Unique Evolutionary History

The BLAST searches in dinoflagellate genomes and transcrip-

tomes revealed that all species with the exception of

O. marina had GIMAP proteins. This is consistent with findings

of a previous study that showed a small percentage of

O. marina transcripts matched previously sequenced dinofla-

gellate ESTs, suggesting this species is highly divergent (Lowe

et al. 2011). However, O. marina only had a transcriptome

resource available, and therefore it is possible that GIMAPs are

present in the genome, but not expressed in the transcrip-

tome sample. The widespread occurrence of GIMAPs in dino-

flagellates also indicated that engaging in symbiotic

relationships, in the capacity of host or symbiont, did not ex-

plain GIMAP distribution given that these proteins were found

in both free-living and symbiotic species. As the presence of

AIG1 proteins in protists has only been previously reported in

the parasite E. histolytica, the fact that GIMAPs are wide-

spread within dinoflagellates is a novel finding.

It is clear from phylogenetic analysis that most dinoflagel-

late GIMAPs are distinct from known GIMAP proteins in ani-

mals, plants, and protists and that there are seven clades, or

groups, of dinoflagellate GIMAPs. Although most of the di-

noflagellate data used in this study was obtained from tran-

scriptomes, there were trends in the data regarding which

dinoflagellate species were contained in each group. For ex-

ample, the diversity of GIMAPs present in basal groups of

dinoflagellates (i.e., Nocticula and Karlodinium) was more lim-

ited than that of more derived groups, as they only contained

sequences within group B. There were also several examples

of lineage-specific expansions including Symbiodiniaceae

sequences within group A and C. cohnii seligo within group

D. Lastly, as was the case for cnidarians, there were differ-

ences in GIMAP repertoire observed at lower taxonomic lev-

els, specifically within the genus Symbiodinium. S.

microadriaticum has a greater overall number and diversity

of GIMAPs than S. tridacnidorum, but is notably missing a

sequence in group A. This difference is not entirely surprising

as a recent study indicated that divergence in the genomes of

different Symbiodinium species can be of the same magni-

tude as differences between genera of Symbiodiniaceae

(Gonz�alez-Pech et al. 2021). Overall, however, without any

knowledge of the function of dinoflagellate GIMAPs, it is dif-

ficult to speculate on the significance of any of these patterns.

Therefore, future functional work that investigates dinoflagel-

late proteins from multiple groups could help to explain the

results obtained in this study.

One of the most interesting findings from the multiphyla

GIMAP analysis was that group C dinoflagellate sequences

formed a clade with strong bootstrap support with a se-

quence from the haptophyte Chrysochromulina, indicating

that they likely share an evolutionary origin. This is a surprising

result given the fact that haptophytes and dinoflagellates are

not closely related protist groups. Dinoflagellates are within

the alveolates, which is part of the SAR supergroup, whereas

haptophytes are part of Haptista, which is currently placed as

a sister group to the SAR (Burki et al. 2016). The similarity

between the dinoflagellate and haptophyte sequences raised

the question of whether this GIMAP type is present in other

protists. No evidence of other similar sequences in other pro-

tist groups was recovered (data not shown), indicating this

GIMAP type is not widespread within this group. Interestingly,

similar results were observed in phylogenetic analysis on xan-

thorhodopsins, light-driven proton pumps, in which sequen-

ces from haptophytes and dinoflagellates were positioned as

sister groups (Hovde et al. 2015). Since horizontal gene trans-

fer is common in dinoflagellates (Wisecaver and Hackett

2011), the authors proposed this as one explanation for this

observation, and is one that warrants further investigation for

this GIMAP type as well.
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Another interesting finding from the phylogenetic tree was

that group F dinoflagellate GIMAPs formed a clade with pre-

viously characterized E. histolytica sequences. This group only

contained sequences from members of the Peridiniales along

with one from A. spinosum and C. fusus, but notably lacks

any from Symbiodiniaceae. Therefore, it seems unlikely that

Symbiodiniaceae GIMAPs directly mirror the functions of

AIG1 proteins from E. histolytica in cell adhesion and virulence

but does not rule out the possibility that GIMAPs from other

groups could mediate host-symbiont interactions.

Considerations for GIMAP Prediction and Annotation

One question that was raised during this work and in previous

studies (Lu et al. 2020) was the requirements to annotate a

protein as a GIMAP. Due to the fact that cnidarian and dino-

flagellate sequences are highly divergent compared with ver-

tebrate GIMAPs, there were cases in which it was difficult to

decide whether a result from the BLAST searches should truly

be considered a GIMAP. Additionally, another issue was

whether to require a coiled-coil motif. Lu et al. (2020) used

this as a requirement of a GIMAP whereas we have taken a

more relaxed approach in this study for several reasons. First,

the prediction programs are all based on vertebrate sequen-

ces, from which cnidarian and dinoflagellate sequences are

quite divergent. Additionally, the tool utilized in this study,

COILS, is based on the coiled-coil domains in non-GIMAP

proteins, including myosins, tropomyosins, intermediate fila-

ments, desmosomal proteins, and kinesins (Lupas et al. 1991)

and therefore may not work as well for GIMAPs. Lastly, and

potentially most important is that although GIMAPs are fre-

quently defined in the literature as containing the AIG1 and

coiled-coil domain, there is also documentation from rats and

mice that some GIMAPs lack this structural feature (Nitta et al.

2006; Rutledge et al. 2009). In running the human/mouse

GIMAPs used in this study through the COILS prediction

tool only six out of eight vertebrate GIMAPs contained the

coiled-coil (lacking in GIMAP1 and 2, data not shown).

Therefore, we argue that the lack of a coiled-coil domain,

as determined by predictive software, should not rule out

identification as a GIMAP.

Another important point to emphasize is that the function

of the coiled-coil in GIMAPs has yet to be determined and

therefore, it is hard to define whether it should be a require-

ment for classification. Although this is an area that requires

further investigation, it has been proposed that like the closely

related septin and dynamin proteins, the coiled-coil motif may

mediate protein interactions, specifically in the formation of

homo- and heterodimers (Okamoto et al. 1999; Sheffield

et al. 2003; Low and Macara 2006; Limoges et al. 2021).

This function seems even more likely given the fact that ver-

tebrate GIMAPs have been shown to form homo- and heter-

odimers and that dimer formation can alter their activity

(Schwefel et al. 2013). Further information regarding the

function of the coiled-coil motif in GIMAPs could help to de-

termine whether this should be required to define a protein as

a GIMAP. In the context of this study, it could also help to

explain the functional significance of the presence of the

coiled-coil motif in only some cnidarian and dinoflagellate

GIMAP groups.

Conclusions

The results of this study illustrate the complexity of GIMAP

evolution within metazoans, specifically cnidarians, and doc-

ument the presence of GIMAP proteins in dinoflagellates for

the first time. We provide evidence for three distinct groups of

GIMAPs in cnidarians that each have a patchy distribution,

generating questions about the evolutionary origin of each

and the occurrence of multiple loss events across many taxa.

Similarly, the phylogenetic analyses of dinoflagellate GIMAPs

revealed seven distinct clades. Some of these showed similar-

ity to known GIMAPs and AIG1 proteins, whereas others

formed independent groups with no clear relationship to

known GIMAPs. These results pave the way for performing

functional work on both cnidarian and dinoflagellate GIMAPs

groups to determine whether they have retained a conserved

function with plant and vertebrate GIMAPs and to explore

potential functional diversification.

Materials and Methods

Identification of Cnidarian GIMAP Sequences

To identify GIMAP sequences in cnidarians, a variety of

genomes and transcriptomes were searched (supplementary

table S1, Supplementary Material online). For these searches,

human, mouse, and previously characterized A. millepora

sequences (Bailey et al. 2020) were used as queries for

BlastP or TBlastN searches of each resource with an e-value

cutoff of 1�10�1. A high e-value cutoff was used to account

for the high sequence divergence between human and cni-

darian sequences. If a TBlastN search was performed, the

resulting nucleotide sequences were translated using the

ExPASy translate tool (https://web.expasy.org/translate/, last

accessed March 23, 2021, Gasteiger et al. 2003). The protein

sequences obtained were then run through the NCBI con-

served domain database (CDD) search tool (https://www.

ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, last accessed

March 23, 2021, Marchler-Bauer et al. 2017) to identify pres-

ence of the conserved AIG1 domain found in all GIMAP pro-

teins. All sequences that contained the AIG1 domain

(cd01852/pfam04548) with an e-value cutoff of 1�10�4

were then used in a reciprocal BlastP seach to humans

(taxid:9606) in NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi,

last accessed March 23, 2021, Madden 2003) to ensure

that the top hit was a GIMAP, further confirming its identity.

Any sequence that did not have a GIMAP as the top hit was
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removed. Lastly, all sequences were run through the program

COILS (https://embnet.vital-it.ch/software/COILS_form.html,

last accessed October 1, 2020, Lupas et al. 1991) to deter-

mine whether a coiled-coil motif was present. However,

sequences were not removed from the analysis if they lacked

the coiled-coil motif. Specifically, the program was run using

the unweighted MTIKD matrix with all window widths (14,

21, and 28). To determine the strength of the correlation

between GIMAP type and the presence of the coiled-coil do-

main, Cramer’s V test was run using R version 4.2.1 (R Core

Team 2018). The resulting sequences for each species were

aligned in Geneious version 11.1.3 (http://www.geneious.

com, last accessed May 21, 2021, Kearse et al. 2012), and

duplicate sequences (defined as proteins with fewer than 5aa

differences) were removed.

Identification of Dinoflagellate GIMAP Sequences

As GIMAPs could play an important role in regulating pro-

cesses involved in symbiosis, we were also interested in

whether these proteins were present in dinoflagellates.

Therefore, dinoflagellate genomic and transcriptomic data

were obtained from the Reef Genomics website (Liew et al.

2016), NCBI (https://ncbi.nlm.nih.gov, last accessed March 23,

2021), and imicrobe (Keeling et al. 2014) (supplementary ta-

ble S2, Supplementary Material online). Since a limited num-

ber of dinoflagellate genomes have been sequenced,

transcriptomes were selected to represent all major groups

within this phylum. Mammalian and A. millepora GIMAP pro-

tein sequences (Weiss et al. 2013; Bailey et al. 2020) were

used as queries in a BlastP or TBlastN search against these

databases as previously described for cnidarians. All sequen-

ces recovered from the BLAST searches were analyzed as de-

scribed for cnidarians to confirm their identity as a GIMAP, run

through the COILS program, and to detect duplicate sequen-

ces in the dataset.

Sequence Alignment and Phylogenetic Tree Construction

With the data collected from BLAST searches, three phyloge-

netic analyses were performed. First, analysis of cnidarian and

dinoflagellate sequences each was performed separately and

then subsequently all sequences were combined with known

GIMAP sequences from other organisms for a multiphyla

analysis. For the cnidarian analysis, upon completing the

BLAST searches, it became clear that there were at least

two distinct protein types, which could be differentiated by

similarity to mammalian or A. millepora GIMAPs and length.

Therefore, phylogenetic analysis was used to better under-

stand the different types of cnidarian GIMAPs and how these

sequences were related to one another. To do so, all cnidarian

GIMAP sequences were aligned using the MAFFT plugin in

Geneious version 11.1.3 (http://www.geneious.com, last

accessed May 21, 2021, Kearse et al. 2012) with the default

settings. The alignment was then manually trimmed to re-

move any regions that did not align well and sequences

that did not span more than half the alignment length were

removed. For the dinoflagellate analysis, all sequences

obtained from the BLAST searches were aligned and trimmed

as described above for cnidarian sequences.

Lastly, we were interested in how the newly characterized

cnidarian and dinoflagellate GIMAPs were related to known

GIMAP or AIG proteins from other organisms. For animals,

sequences were acquired from the mollusc B. glabrata, the

cephalochordate B. floridae, the hemichordate Saccoglossus

kowalevskii, and humans. For B. glabrata, previously charac-

terized GIMAPs were used. Specifically, one GIMAP sequence

(defined by an AIG1 domain and a coiled-coil motif) was se-

lected from each of the five groups denoted in a previously

constructed phylogeny (Lu et al. 2020). For the cephalochor-

date B. floridae and the hemichordate S. kowalevskii, sequen-

ces were acquired from a previously constructed phylogeny of

GIMAPs (Weiss et al. 2013). However, the GenBank accession

numbers for many of these sequences indicated the records

had been removed, and therefore these sequences were

updated with the closest match to current accession numbers

as determined by a BlastP search. To ensure that all GIMAP

sequences were captured within these two species, BlastP

searches were performed through NCBI with human and

A. millepora GIMAPs as previously described for cnidarians.

It was also of interest to include plant and other protist

sequences. Previously characterized Arabidopsis thaliana (Liu

et al. 2008) and E. histolytica (Nakada-Tsukui et al. 2018)

sequences were obtained from NCBI. Additionally, sequences

from two other protists, Chrysochromulina sp. and Vitrella

brassicaformis were obtained when initially exploring and per-

forming BLAST searches in NCBI with Symbiodiniaceae

sequences. All sequences used in this analysis and correspond-

ing accession numbers are presented in supplementary file S1,

Supplementary Material online. These sequences were

aligned with dinoflagellate and representative cnidarian

sequences of the S-GIMAP, L-GIMAP, and GIMAP-like

sequences using the MAFFT plugin in Geneious version

11.1.3 (http://www.geneious.com, last accessed May 21,

2021, Kearse et al. 2012) with the default settings. The align-

ment was then trimmed as previously described.

For phylogenetic analysis, either maximum likelihood or

Bayesian analysis was performed. For the cnidarian analysis,

the trimmed alignment was submitted to PhyML version 3.0,

and a maximum likelihood analysis with 500 bootstrap repli-

cates was conducted (http://www.atgc-montpellier.fr/phyml/,

last accessed June 2, 2021, Guindon et al. 2010). The PhyML

SMS automatic model selection was used (Lefort et al. 2017),

with the AIC criterion, and consequently the WAGþGþ Iþ F

model was selected. For the dinoflagellate and multiphyla

analyses, Bayesian analysis was performed due to poor reso-

lution obtained by initial runs of PhyML (data not shown). The

SMS model selection was used as described above to
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determine the best model of protein evolution, which was

LGþGþ I for both the dinoflagellate and multiphyla trees.

Mr Bayes (Huelsenbeck and Ronquist 2001) was subsequently

run using the default settings in the Geneious plugin, which

included 1,100,000 generations, a subsampling frequency of

200, a burn-in length of 100,000, and the model provided by

SMS. All trees were imported into Mega11 (Tamura et al.

2021) to collapse nodes with less than 50% support followed

by subsequent use of FigTree v1.4.4 for annotation (http://

tree.bio.ed.ac.uk/software/figtree/, last accessed November

10, 2021).

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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