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SUMMARY

Integrins are transmembrane receptors that activate signal transduction pathways upon extracellular matrix
binding. The integrin-mediated adhesive complex (IMAC) mediates various cell physiological processes.
Although the IMAC was thought to be specific to animals, in the past ten years these complexes were discov-
ered in other lineages of Obazoa, the group containing animals, fungi, and several microbial eukaryotes. Very
recently, many genomes and transcriptomes from Amoebozoa (the eukaryotic supergroup sister to Obazoa),
other obazoans, orphan protist lineages, and the eukaryotes’ closest prokaryotic relatives, have become
available. To increase the resolution of where and when IMAC proteins exist and have emerged, we surveyed
these newly available genomes and transcriptomes for the presence of IMAC proteins. Our results highlight
that many of these proteins appear to have evolved earlier in eukaryote evolution than previously thought and
that co-option of this apparently ancient protein complex was key to the emergence of animal-type multicel-
lularity. The role of the IMACs in amoebozoans is unknown, but they play critical adhesive roles in at least

some unicellular organisms.

INTRODUCTION

Integrins are transmembrane signaling and adhesive hetero-
dimers, made up of a-integrin (ITGA) and B-integrin (ITGB) pro-
tein subunits.” The overall architecture of both integrin proteins
includes a large extracellular N-terminal ligand-binding head
domain and C-terminal stalk (also termed “legs”). Integrin acti-
vation is dependent on the binding of a ligand such as extracel-
lular matrix proteins (collagen, fibronectin, and laminin)® and the
binding of divalent cations (primarily Ca%*, Mg?*, or Mn?*) on
unique, but well-conserved, cation-binding motifs.>® In animals,
there are universally five cation-binding sites on the ITGA and
three on the ITGB paralogs.>*®7 Integrins are important signal
transduction molecules across the cell membrane and associate
with a set of intracellular proteins that act on the actin cytoskel-
eton, together known as the integrin-mediated adhesive
complex (IMAC) (Figure 1C; Figure S1C).2 The intracellular
component of the IMAC includes adhesive proteins that are (1)
integrin-bound proteins that can bind to actin directly (talin,
a-actinin, and filamin); (2) integrin-bound proteins that can bind
indirectly to the cytoskeleton (integrin-linked kinase [ILK], partic-
ularly interesting new cysteine-histidine-rich protein [PINCH],
and paxillin); and (3) non-integrin-binding proteins such as vincu-
lins. The IMAC is best known for its critical role in cellular
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development, migration, proliferation, survival, and meta-
bolism."*'® They function by relaying messages through
outside/in and inside/out signaling between the extracellular ma-
trix and the internal cytoskeleton.?

Historically, the absence of integrin proteins in other complex
multicellular lineages of eukaryotes (i.e., plants and fungi) and the
closest protistan relatives of Metazoa (i.e., choanoflagellates) led
to the hypothesis that integrins were an animal-specific evolu-
tionary innovation. However, over the past decade, investiga-
tions into the genomic content of other close protistan relatives
of animals have led to the discovery of integrins and other
IMAC components outside of Metazoa among other members
of the Obazoa clade (Opisthokonta, Breviatea, and Apusomona-
dida'"), having been identified in the opisthokonts Capsaspora
owczarzaki,'? Pigoraptor spp.,'® Syssomonas multiformis,'®
Corallochytrium limacisporum,'* Creolimax fragrantissima,'®
and Sphaeroforma arctica;'® the apusomonad Thecamonas
trahens;'? and the breviate Pygsuia biforma."" Thus, the IMAC
complex and other associated proteins have a more ancient
evolutionary origin than previously expected, well outside of
the animals. However, are these complexes exclusive to Oba-
zoa, or have they appeared even deeper in evolutionary history?

Amoebozoa is the eukaryotic supergroup that is sister to Oba-
z0a, altogether grouped in the Amorphea.'” Despite the relatively
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Figure 1. Repertoire of IMAC in amoebozoan species that have either integrin alpha or beta
(A) Names of IMAC proteins are listed below the map, and names of amoebozoan taxa are listed on side of the map. Arrows indicates amoebozoan species that
have a nearly complete set of IMAC proteins. Dark blue indicates the presence of a canonical IMAC protein, white indicates the absence of an IMAC protein, and

light blue indicates a truncated form of an IMAC protein.

(B) Phylogenetic distribution of IMAC. The cartoon model of IMAC color corresponds with the species tree. Circle, innovation/gain; bar, loss. Abbreviations are as
follows: vin, vinculin; pax, paxillin; tal, talin; par, parvin; pin, particularly interesting new cysteine-histidine-rich protein; FAK, focal adhesive kinase; ILK, integrin-

linked kinase; oA, alpha-actinin; a, a-integrin; and B, B-integrin.

(C) Cartoon schematic of the membrane docked IMAC, which associates with intracellular actin (modified from Brown et al.').

See also Figure S1.

close evolutionary proximity of Amoebozoa to the animals and
fungi, genomic-level data and relevant research into the super-
group remain sparse. The inferred genomic complement present
has yet to be determined in the last common ancestor of Amoe-
bozoa using broad taxonomic sampling. Recent work revealed
that crucial components of the IMAC—namely ITGA and
ITGB—were missing in Amoebozoa (e.g., Dictyostelium discoi-
deum and Acanthamoeba castellanii).'® Was this result simply
due to a lack of data, or is it an evolutionary trend? Here, we
examine the gene repertories across the Amoebozoa supergroup
to investigate the evolutionary history of the adhesive complex
associated with the integrin proteins. The absence of the integrin
proteins reported previously may simply be due to the great
paucity of taxonomically broad genomic data from this clade,
which is a limiting factor in our knowledge of IMAC evolution.
To test whether the IMAC is truly absent in Amoebozoa or
rather unobserved due to a lack of data from a broad taxonomic
sampling, we took a comparative genomic/transcriptomic
approach utilizing data recently used to resolve the tree of Amoe-
bozoa.'® Here, we identified numerous IMAC proteins —including
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integrins, both ITGA and ITGB —across the breadth of Amoebo-
zoa and obazoans (Ministeria vibrans [Opisthokonta'’] and Leni-
sia limosa [Breviatea®]) (Figure 1B). These findings suggest that
the IMAC was already present in the last common ancestor of
Amorphea (Figures 1A and 1B).

RESULTS

Integrin alpha

We identified ITGA homologs in 23 of 113 amoebozoan genomes
and transcriptomes examined (Figures 1A and 2). Of those 23
amoebozoans, eight have more than one ITGA paralog (Figure 2).
Amoebozoan ITGAs vary greatly in size, ranging from ~500 to
1,200 amino acids in length (Table S1), whereas metazoan
ITGA proteins are typically 700-800 amino acids in length. Meta-
zoan ITGAs, which we refer to herein as “canonical ITGA pro-
teins,” encode a pB-propeller made of seven blades
(IPRO13519)° (InterProScan version 5.27.66;°" see STAR
Methods). Many of the amoebozoan ITGA proteins we identified
are predicted to have a diverse number of B-propellers blades
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The domain architecture of ITGA for amoebozoan species is shown at the right side and phylogenetic tree is shown at the left side of the figure. Keys to each
domain’s color and shape are represented at the bottom of the figure. Phylogenetic tree of amoebozoan ITGA, 160 sites phylogeny of amoebozoan ITGA rooted
with Obazoa ITGA. The tree was built using IQ-TREE v.1.5.5 under the LG+C60+F+G model of protein evolution. Numbers at nodes are maximum likelihood
bootstrap (MLBS) values derived from 1,000 ultrafast MLBS replicates. Any values that are below 50% are not shown. The color of branches for amoebozoan
sequences are as used in Figure 3 of Kang et al.’® When domains are overlapped because of different software algorithms, these are represented in transparent

colors. See also Figures S4 and S5 and Tables S1, S2, S4, and S5.

from a few (3-5) to canonical (6-7) to many (more than 8) and
cation-binding sites (1-5 sites). The classification of an authentic
ITGA protein outside Metazoa would be a membrane-docked
protein with an ITGA head composed of several B-propeller
blades (IPR013519) (Figure 2), some with FG-GAP domains
(IPR013517) only, and some with a cation-binding motif flanked
by FG and GAP moatifs (Figure 3A; Figure S2Aa; a canonical set of
motifs found in Metazoa are shown for reference in Figure S3).
However, we do not discard the possibility that these represent
truncated ITGA proteins because they occur in metazoans®*?®
and in the opisthokont Creolimax fragrantissima.'® All amoebo-
zoan ITGA proteins have at least three B-propeller blade domains
(Figure 2), with an FG-GAP domain and FG-GAP/cation-binding
motif (Figure 3A). The positions of the cation-binding motif/FG-
GAP domains are seemingly distributed randomly (Table S1)

and not necessarily in the last 3—-4 blades as in canonical animal
ITGA. We noticed the presence of a C-terminal transmembrane
anchor (IPR021157) domain in three amoebozoan ITGAs. In
animal ITGA proteins, there is also a GFFKR motif in the cyto-
plasmic tail that is important for ITGA and ITGB intercellular inter-
actions and heterodimerization.’* We identified an animal-like
KXGFFXKR cytoplasmic tail motif in one amoebozoan (Fila-
moeba nolandi) (Table S1), which is also present in some non-
metazoan obazoans (Figure S2Ac).

Phylogenetically, we find amoebozoan ITGAs are present in all
three major clades, but interestingly these proteins are not in
many amoebozoan taxa that have sequenced genomes (e.g.,
several dictyostelid amoebae,®® Physarum polycephalum,?®
Entamoeba spp.,°’ Acanthamoeba spp.,”® and Protostelium
fungivorum?®). However, very importantly, we were able to
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Figure 3. Most significantly enriched motifs in 23 amoebozoan ITGA homologs

(A) Consensus cation motif and FG-GAP motifs found from ITGA homologs in 23 amoebozoan taxa.

(B-D) These consensus motifs are exclusively enriched in three amoebozoans type Il ITGA homologs (Arcella vulgaris c23786_g1_i1, Nolandella sp.
AFSM_TR12097_c0_g1_i1, Cryptodifflugia operculatum paralog2_c8521_g1_i1): (B) EGF-like motif, (C) Thrombospondin repeat-1 motif, and (D) carbohydrate

WSC motif.
(E) Proline-rich extensin motif found in 5 of the amoebozoan ITGA homologs.
See also Figures S2 and S3 and Tables S1, S2, S4, and S5.

confidently find ITGA in Mastigamoeba balamuthi (Figure 2),
which has a complete genome available.*>*" To confirm the
presence of these genes in the genome, we used a BLAST-
based homology search to identify two ITGA genes of
M. balamuthi to the genome data (GenBank: CBKX00000000)
on NCBI (see STAR Methods). For ITGA, there are no introns in
either paralog 1 (GenBank: CBKX010025823.1) or paralog 2
(GenBank: CBKX010005624.1).

We classified ITGA into two representative types based on
their predicted complement of IPR domains, their cation-binding
motifs, their similarity to metazoan ITGA, and novel domains that
are previously unobserved in ITGA proteins. For communication

3076 Current Biology 37, 3073-3085, July 26, 2021

purposes, based on domain and motif architecture from Inter-
ProScan outputs, we classify non-metazoan ITGAs into two
representative types: ITGA that are similar to a canonical ITGA
(type ) and unique domain architecture proteins that are non-ca-
nonical ITGA-like proteins (type Il) (Figure 2).

From the 23 amoebozoan taxa in which we identified an ITGA,
19 taxa have type | (Figure 2). One amoebozoan (Amphizonella
sp. 9 paralog 2) has a type | ITGA with a domain architecture
and cation-binding motifs that are virtually identical to the head
region of metazoan ITGA (Figure 2; Table S1). The rest of the
amoebozoan type | ITGAs have canonical B-propellers, but
they have varying numbers of cation-binding motifs that differ
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from the canonical ITGA proteins (Table S1). The cation-binding
motifs follow the consensus pattern of D/E-h-D/N-x-D/N-G-h-x-
D/E (where h is hydrophobic residue and x is any residue).® Most
of the cation-binding motifs of all but four amoebozoan type | IT-
GAs follow the consensus sequence observed in metazoan IT-
GAs (Figure 3A; Table S1). For reference, we present canonical
metazoan motifs in Figure S2. Thirteen of the amoebozoan
type | ITGAs have both a predicted signal peptide and trans-
membrane region (Figure 2). The rest of the amoebozoans type
I ITGAs have only a predicted signal peptide region or a trans-
membrane region. Amoebozoa ITGA without a transmembrane
region are potentially neofunctionalized cytoplasmic integrins.
In a few cases, we did not observe the signal peptide or the
transmembrane region. For example, in the genome of Mastiga-
moeba balamuthi, all ITGA paralogs lack signal peptides and one
lacks a transmembrane region (paralog 1). This may be due to
truncation in in silico gene prediction or the product of shedding
(evolution from membrane docked to a secretory function).>?

Of 19 type | amoebozoan ITGA homologs, four ITGAs have an
extracellular immunoglobulin (Ig)-fold-like (IPR013783) or cad-
herin-like (IPR015919) domain next to the ITGA head (Figure 2).
In metazoan ITGA, there are three ITGA leg domains
(IPR0O13649) located next to the ITGA head. These ITGA leg do-
mains are structurally and functionally similar to Ig-fold-like
sandwich.® A cadherin-like domain (IPR015919) and an Ig-fold-
like domain (IPR013783) are part of an Ig-fold-like B-sandwich
protein class, which fold in a similar structure.®® The three amoe-
bozoan ITGAs that contain either an Ig-fold-like or a cadherin-
like domain also have canonical B-propellers (6-7 blades)
(Figure 2), although two of the four type | ITGA have an extra
cation motif (Table S1).

We designate any ITGA homolog with either adhesive or enzy-
matic domains flanking the head domain that have not previously
been reported in an ITGA protein as a “type II” ITGA (Figure 2).
From the 23 amoebozoan taxa in which we identified an ITGA,
12 taxa have type Il (Figure 2), several of which have multiple pa-
ralogs (Table S1). Of these type Il amoebozoan ITGA paralogs we
discovered, two have a protein kinase domain (IPR000719) (Fig-
ure 2), five amoebozoan ITGAs have a proline-rich extension
motif called “extensins” (PR01217—ID derived from Prints
version 42.0%%) (Figure 3E; Table S1).

In one type Il ITGA, the amoebozoan sequence (Flabellula ci-
tata paralog 1) has an epidermal growth factor (EGF)-like domain
(IPR000742) as its only novel domain located C-terminal to the
ITGA head (Figure 2). Additionally, three amoebozoans uniquely
have two EGF domains (Figure 3B): a Thrombospondin repeat-1
(TSP1) (IPR0O00884) (Figure 3C) and a carbohydrate-binding
domain called a wall stress component (WSC) (IPR002889) (Fig-
ure 3D), all with cysteine-rich motifs located upstream (N-termi-
nal) to the ITGA head (Figure 2). Using a standard BLAST-based
approach to query the NCBI non-redundant protein (nr) data-
base, we were unable to detect any other protein with significant
similarity to the N-terminal domain composition of these se-
quences (EGF-TSP1-WSC) using an e-value cutoff < 1e—10.
This suggests that this EGF-TSP1-WSC architecture may be
unique to these amoebozoans (Table S1).

Seven of the amoebozoan ITGAs we designated as type |l
possess canonical (6-7 blades) B-propellers (Figure 2) and a
different number of cation-binding motifs (Table S1). The other
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five amoebozoans’ type Il ITGAs have short (3-5 blades) B-pro-
pellers and varying numbers of cation-binding motifs (Figure 2;
Table S2). Four amoebozoan ITGA homologs of this type con-
tained both a signal peptide and a transmembrane domain (Fig-
ure 2). Eight others had either a signal peptide or a transmem-
brane region.

We also found ITGA homologs in several underexplored oba-
zoan transcriptomes: the opisthokont Ministeria vibrans and the
breviate Lenisia limosa (Figure 2). Obazoan ITGA proteins have at
least three B-propeller blade (IPR013517) domains, with an FG-
GAP domain (Figure 2; Figure S3Aa) and FG-GAP/cation-binding
motif domains seemingly distributed randomly (Table S1). Ani-
mal-like KXGFFXKR cytoplasmic tail motifs were observed in
most obazoan transcriptomes that were examined in this study
(Figure 3B; Figure S2Ac). Among the non-animal obazoans, the
seven novel obazoans’ ITGAs have an Ig-fold-like domain leg
next to ITGA head (Figure 2; Figure S3Ad).

Ministeria vibrans has both type | and type Il paralogs (Fig-
ure 2). In type ll, paralogs 1 and 2 have a predicted long (10)
ITGA B-propeller, but they do not contain transmembrane do-
mains. The other paralog has a three B-propeller blades (one
with FG-GAP/cation-binding motif), a cytosolic tail motif, and a
transmembrane domain (Figure 2). In both paralogs 1 and 3, a
signal peptide region was not predicted. Ministeria vibrans type
Il ITGA uniquely has an EGF-like domain (IPR000742) N-terminal
to the ITGA head (Figure 2). All obazoans in our study have a
signal peptide or a transmembrane region except for Pigoraptor
spp., Sphaeroforma arctica, and Syssomonas multiformis (Fig-
ure 2), which lack both.

The unrooted tree of ITGA recovered all amoebozoan ITGAs in
a clade (Figure 2), which is sister to most of Obazoa. However, a
few opisthokont sequences are nested in this group. These
include a paralog of Capsaspora owczarzaki (ITGA4:
XP_004347912), both M. vibrans paralogs, the breviates (Pyg-
suia and Lenisia), and the lone Syssomonas multiformis ITGA ho-
molog. The major lineages or sublineages of Amoebozoa were
not recovered. Instead, amoebozoan ITGAs are divided into
two clades. One group consists primarily of tubulinid amoebozo-
ans (plus M. vibrans) and the other contains the rest of
Amoebozoa.

It should be noted that in addition to these obazoan and amoe-
bozoan taxa, the genome sequence of the evolutionary distant
Stramenopile, a complex multicellular brown alga (Ectocarpus
siliculosus), has been reported to have ITGA homologs.*® The
most canonical of these homologs is CBN77719 on NCBI. There-
fore, we inferred an additional ITGA tree with this species along
with another ITGA-like protein identified in a coccolithophorid
haptophyte unicellular alga (Emiliania huxleyi: XP_005778208.1)
(Figure S4). In this tree, we included some potentially homolo-
gous FG-GAP-containing proteins, GLPD and LINKIN (Fig-
ure S4), to observe their phylogenetic affinity to ITGA homologs.
We observed a few more FG-GAP proteins in other taxa such as
cyanobacteria (e.g., Gloeobacter violaceus: WP_011143221.1;
Nostoc punctiforme: ACC84844.1; and Crocosphaera watsoni:
WP_007307935.1), Cryptophyta (Guillardia theta: XP_00584
2481.1), and a few other Stramenopiles (e.g., Nannochloropsis
spp. CCMP1776: TFJ84058.1 and EWM21519 and Cafeteria
roenbergensis: KAA0148838.1) on NCBI. These FG-GAP pro-
teins either do not possess a transmembrane and a signal
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Figure 4. Protein domain architecture of ITGB from Amoebozoa

The domain architecture of ITGB for amoebozoan species is shown to the right side and the phylogenetic tree of Amoebozoa is shown at the left side of figure.
Keys to each of domains color and shape are represented in the box at the bottom of the figure. Tree of amoebozoan ITGB 295 amino acids sites phylogeny of
amoebozoan ITGB rooted with Obazoa. The tree was built using IQ-TREE v.1.5.5 under the LG+C60+F+G model of protein evolution. Numbers at nodes on the
phylogenetic tree are MLBS support values derived from 1,000 ultrafast bootstrap replicates. Only values greater than 50% are shown. The color of branches
amoebozoan sequences are illustrated according to Figure 3 in Kang et al.’® When domains are overlapped because of different software algorithms, these are

represented in transparent colors. See also Figure S6 and Table S4.

peptide region, or they possess many transmembrane domains.
These FG-GAP proteins fail to pass our minimum criteria of being
a canonical ITGA. Using the identified ITGA homologs as
queries, we recovered we identified several predicted B-propel-
ler proteins in Archaea that have a similar architecture to the ca-
nonical ITGA using a standard BLAST-based approach against
the nr database. An unrooted tree of B-propeller homologs
recovered Archaea as paraphyletic across our phylogeny
(Figure S5).

Integrin beta

We identified ITGB homologs in 19 of 113 amoebozoan ge-
nomes and transcriptomes examined. Of these, only a single
homolog was identified in each taxon, except for three ITGB pa-
ralogs in Rhizamoeba saxonica and two paralogs in Idionectes
vortex (Figure 4). We find amoebozoan ITGBs are present in all
three major clades of Amoebozoa. However, like ITGA, these
proteins are not found in the four amoebozoan taxa that have
genome sequences (dictyostelids, entamoebids, acanthamoe-
bids, and Protostelium fungivorum). We were able to find an
ITGB homolog in the genome of the amoebozoan Mastigamoeba
balamuthi ATCC 30984 (Figure 5). For ITGB, there were five in-
trons in the genomic scaffold CBKX010020319.1 and eight in-
trons in CBKX010020318.1. These introns are canonical
M. balamuthi introns,®' and the other genes on the scaffold are
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mastigamoebid/amoebozoan in nature. For example, on these
ITGB genomic scaffolds (CBKX010020318.1 and CBKXO1
0020319.1), we uncovered putative open reading frames
(ORFs) for tenascin and PA14-like proteins. To illustrate that
these scaffolds are amoebozoan in provenance, we inferred
phylogenetic trees of these proteins, tenascin (extracellular
glycoprotein) and PA14 (membrane adhesin protein), by search-
ing for homologs in our extensive datasets. Both proteins clearly
show amoebozoan signal (shown as a subset in Figure 5). Addi-
tionally, the phylogenetic signal of other ORFs on these genomic
scaffolds shows amoebozoan signal (data not shown) and is not
from contamination in the genome project. Furthermore, the
presence of introns within the genomic scaffold for ITGB demon-
strates that this protein/genomic scaffold is eukaryotic and likely
part of the genome, which was obtained from an axenic culture.
Interestingly, these genes neighboring ITGB are also membrane
associated, which could be evidence that they are linked to the
cytoplasmic membrane with co-regulated transcription.

The size range of ITGB paralogs in Amoebozoa varies widely
from ~600 to 3,300 amino acids (Table S3). In addition to the
novel ITGB proteins in Amoebozoa, we also found previously un-
reported ITGB homologs in two obazoan transcriptomes as well
in a recently described clade closely related to Amorphea
(CRuMs).*° Based on domain and motif architecture from Inter-
ProScan outputs, we classify non-metazoan ITGBs into two
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Figure 5. The presence of ITGB gene in a Mastigamoeba balamuthi genome sequence
Intron/exon boundary sequences are shown along with corresponding intron size. The genome contig that possesses the ITGB gene is colored blue and green.
The protein domain architecture of the ITGB gene is shown along with protein size. The adjacent tenascin gene on the ITGB genome contig is shown left and right

along with the inferred phylogenetic tree.

representative types: ITGB that are similar to a canonical ITGB
(type ) and unique domain architecture proteins that are non-ca-
nonical ITGB-like proteins (type Il).

Our first representative type of ITGB (type I) has a similar domain
architecture to metazoan ITGB (Figure 4). In metazoan ITGB,
which we refer herein to as “canonical ITGB proteins,” there are
seven domains: a plexin-semaphorin-integrin (PSI) (IPR002165),
a von Willebrand factor (IPR002369), a Ig-like domain
(IPRO13783), three to four EGF modules (IPR013111), an integrin
B-tail subunit (IPR012896), transmembrane, and signal peptide
domains (Figure 4; Figure S2B).° From the 19 amoebozoan taxa
in which we identified an ITGB, 14 taxa have type | (Figure 4).
Most amoebozoans in this class appear to have the von Wille-
brand type A (vWA) domain, 8 subunit stalk region, and the PSI do-
mains except two amoebozoans that lack PSI domains and one
amoebozoan that possesses a duplicated VWA domain (Figure 4).

In metazoans, the metal-ion-dependent adhesive site (MIDAS)
and a synergistic metal-ion-binding site (SyMBS) (the positive
regulatory site for integrin activation®) motif is essential for integ-
rin-ligand binding,*° but the site adjacent to MIDAS (ADMIDAS)
motif (the negative regulatory®’ site for integrin inhibition) is not

absolutely necessary for integrin activation (Figure S2A).%7
MIDAS is well conserved, especially in amoebozoan f3-1 domains
(Figures 6A and 6B), and SyMBS is well conserved across the
amoebozoans (Figures 6C and 6D). However, ADMIDAS motifs
are quite variable in Amoebozoa compared with the metazoan
consensus pattern (Figure 6B; Table S3). The consensus pattern
of the cysteine-rich stalk motif (CRSM) in ITGB homologs of
Opisthokonta is CXCXXCXC'?%® (Figure S2Bf); in Metazoa, there
are typically 3-4 CRSMs in a B subunit stalk region.® Amoebo-
zoan ITGB homologs have the CRSM pattern in the B subunit
stalk region of DXCGXCGGX®®CXGC (Figure 6F), ranging
from three to seven times (Table S3). In B-tail motifs
(IPR012896), the cytosolic tail motif (NPXY/F [IPR021157])*° is
present across Amoebozoa (Figure 6G) except one amoebozoan
(Table S3), whereas an ITGA-interacting motif (LLXXXHDRKE
[IPR014836)) is absent in Amoebozoa. Twelve amoebozoans in
this class possess amino acids with a predicted electrostatic
charge where the ITGA-interacting motif (LLXXXHDRKE) would
be present in metazoan ITGB (Figures 4 and 6H).

A signal peptide and a transmembrane domain were predicted
in most amoebozoan type | ITGB in this class, but three
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ITGB Motifs

Figure 6. Most significantly enriched motifs in 18 amoebozoan ITGB homologs

(A-F) Three divalent cation-binding motifs, MIDAS, ADMIDAS, and SyMBS, are shown. These consensus motifs are obtained from type | amoebozoan ITGB
homolog sequences only. (A) MIDAS (black arrow) and ADMIDAS (red arrow) motifs. (B) A shared amino acid (indicted by red/black arrows) in MIDAS and
ADMIDAS motifs. (C) SyMBS motif represented by green arrow, and a shared amino acid of MIDAS motif indicated by black arrow. (D) SyMBS motif indicted by a
green arrow is shown. (E and F) Cysteine-rich motifs (E) and PSI domain (F) and the cysteine-rich motif stalk.

(G and H) Motifs found at the C-terminal are shown. (G) NPXY motif shown by blue arrow found in most amoebozoans’ ITGB except three amoebozoan ITGB
homologs. (H) An electrostatic charge motif is shown. This motif is discovered in type | ITGB homologs only.

See also Figures S2 and S3 and Table S4.

amoebozoan ITGB type | lack signal peptides (Figure 4). Again,
we do not discard the possibility of truncated ITGBs since these
are present in metazoans®>*® and Creolimax fragrantissima.'®
The ITGB proteins of non-metazoan obazoans have domain/
motif architectures very similar to a canonical metazoan ITGB (Fig-
ure 4; Figures S3Ba-S3Bh; see Figures S2Ba-S2Bh for metazoan
motifs). All of the obazoan ITGB MIDAS, ADMIDAS, and SyMBS
motifs were well conserved (Figures S2Ba-S2Bd). At the b-tail mo-
tifs (IPR012896) of Obazoa, the cytosolic tail motif (NPXY/F) is pre-
sent in all obazoan ITGB homologs (Figure S3Bg), but we did not
observe the ITGA-interacting motif (LLXXXHDRKE) in ITGB of

3080 Current Biology 37, 3073-3085, July 26, 2021

Breviatea. We found a metazoan GXXXG motif in three amoebo-
zoan ITGB (Table S3), suggesting that this motif is not animal spe-
cific. There are multiple tandem repeats of the opisthokont CRSM
pattern in Obazoa ITGB, and both breviate taxa have a clear
expansion of B subunit stalk region as previously reported
(Figure 4)."1-16

We also investigated a possible “choanoflagellate ITGB gene”
that was recently reported to be present in the transcriptome of
Didymoeca costata.”’ The protein domain architecture has a
serine protease flanking VWA, PSI domain. However, it is missing
the CRSM, NPXY/F, LLXXXHDRKE, and GXXXG motifs. To our
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surprise, Rigifila ramosa, which was recently placed in a novel
supergroup sister to Amorphea called CRuMs,*® has a protein
that contains all the canonical domains of ITGB such as VWA,
amoebozoan CRSM pattern, and C-terminal motifs (Figure 4)
and all typical cation-binding motifs (Table S3). We were unable
to find an ITGA homolog in either Rigifila ramosa and Didymoeca
costata.

Our second representative class of ITGB, which we refer to as
type ll, are large proteins (~1,400-3,600 amino acids) that have
novel domain architectures unobserved before in ITGB. Of the 19
amoebozoan taxa that have ITGB, five have an ITGB assigned to
our type Il class (Figure 4). Type Il amoebozoan ITGB domain ar-
chitectures include Laminin G3 (LamG3) (IPR013320), vWD
(IPRO01846), Ig-like fold (IPR013783), EGF-like (IPR013032),
and a cyclic-nucleotide-binding (IPR000595) domains (Figure 4).
A canonical human ITGB has four EGF domains®*° that coincide
with the location of Ig regions in amoebozoan ITGB. Three amoe-
bozoan ITGB in this class have an extracellular EGF-like domain
at the N terminus, at the location of the PSI domain (Figure 4).
LamG3 (CSM) and EGF-like domains are recovered in two amoe-
bozoan ITGB (Figure 4). The cation-binding motifs MIDAS and
ADMIDAS are hypervariable in type Il representatives compared
with the metazoan consensus pattern, but SyMBS is well
conserved except in Filamoeba nolandi (Table S3).

We selected three ITGB homologs from animals (Homo sapi-
ens, Gallus, and Nematostella vectensis) as a selective reference
ITGB sequences, because integrin proteins are highly conserved
among Metazoa. We observed a clade of type || amoebozoan
ITGB, breviates with apusomonads ITGB, type | amoebozoan
with the CRuMs Rigifila limosa ITGB homolog, and a clade of
opisthokonts (Figure 4). With the placement of Rigifila, Amoebo-
zoa is not recovered as a monophyletic group.

Proteins that are similar to ITGB have been discovered in
Amoebozoa and a choanoflagellate as well as in bacteria. In or-
der to verify our putative ITGBs were not actually members of
these proteins classes, we predicted their protein domain archi-
tectures, added these to our protein alignments of ITGB, and
built phylogenetic trees. The “similar to integrin beta” (Sib)
protein is a cell-adhesive molecule that is structurally and func-
tionally similar to ITGB, and it was discovered in Dictyostelium
discoideum.*’ However, the dictyostelids do not appear to
have a canonical ITGB, only Sib proteins. Additionally, an ITGB
homolog was shown in cyanobacteria, but it contained only
one of the ITGB domains.'? We inferred an additional ITGB
tree with these species (the choanoflagellate Didymoeca cos-
tata, Dictyostelium discoideum, and cyanobacteria) (Figure S6).
In this tree, a clade of type Il ITGB is placed between the cyano-
bacteria Trichodesmium and the choanoflagellate Didymoeca.

Scaffold cytoplasmic proteins

In our comparative transcriptome and genome analysis, we
observed the following intracellular scaffold cytoskeletal adhe-
some proteins: talin, a-actinin, vinculin, PINCH, paxillin, and ILK
throughout Amoebozoa. These six adhesome proteins have pre-
viously been reported to be present in Amoebozoa.'? Since then,
the number of the core consensus adhesomes has been
expanded.*? Filamin, kindlin, and tensin are three consensus ad-
hesome proteins and cross-actin linkers that interact with
ITGB.*? Across the diversity of Amoebozoa, we have observed

¢? CellPress

two putative adhesome proteins (i.e., filamin and tensin) that
were not known in Amoebozoa (see STAR Methods). Talin,
PINCH, filamin, and paxillin, key players in the integrin adhesome,
were not present in seven amoebozoan transcriptomes (Fig-
ure 1A). However, their absence is suspected to be an artifact
of low gene coverage in these data based on global scores
from BUSCO (a tool that assesses genome completeness based
on near-universal single-copy orthologs) (Table S4). Across the
amoebozoan clade, we also noticed a large number of what
appear to be truncated talin proteins compared with the rest of
the adhesome proteins that we investigated (Figure 1B).

ILK was scattered across the Amoebozoa, unlike the case in
Apusomonada and Opisthokonta,'>'® where ILK appears to
be universally present in IMAC-containing taxa. a-Actinin is the
only signaling protein that is present in transcriptomic datasets
all of the amoebozoan taxa. Consistent with previous reports,
we did not detect focal adhesive kinase (FAK), cellular proto-
oncogene tyrosine-protein kinase Src (cSRC), or parvin proteins
in any of the Amoebozoa- or Breviatea''-predicted proteome
data examined. Since the gene coverage for the transcriptome
of Pygsuia biforma (Breviatea) is high and genomes are available
for Lenisia limosa (Breviatea) and Entamoeba spp. (Amoebozoa),
we conclude that breviates and Entamoeba spp. likely do not
possess vinculin proteins (Figure 1). The genome of the brown
alga Ectocarpus siliculosus has talin and a-actinin homologs,*®
but it does not contain any other integrin-signaling adhesome
protein homologs.

DISCUSSION

Our findings show that the IMAC is not exclusive to obazoans, as
previously proposed.’! 214718 We report a nearly full set of IMAC
proteins is present in amorphean taxa including five amoebo-
zoan species (Flabellula citata, Rhizamoeba saxonica, Cryptodif-
flugia operculatum, Mastigamoeba balamuthi, and Nebela sp.)
and two previously unsurveyed obazoan taxa, Lenisia limosa
(Breviatea) and Ministeria vibrans (Opisthokonta). Our increased
taxon sampling that spans the breadth of the known diversity
within Amoebozoa permitted discovery of these proteins. While
the integrin proteins undoubtedly played a role in the origins of
animal multicellularity, '**>** we do not find any evidence of in-
tegrins in the few multicellular lineages of Amoebozoa, those
that socially aggregate to form emergent fruiting-body structures
(Copromyxa protea and the model dictyostelids). Interestingly,
secondary loss of these proteins seems to be rampant, as the
majority of amoebozoan taxa appear to lack integrins or some
of the IMAC components, but the caveat is that some of these
data are based on incomplete transcriptomic data. Therefore,
their absence may be due to the available data. Nonetheless,
the most parsimonious explanation is that the IMAC was present
in the ancestor of Amoebozoa. An analogous scenario of sec-
ondary loss of the IMAC plays out in obazoan evolution, in which
we see that the closest relative of animals, the Choanoflagel-
lata,***>*® as well as the Nucletmycea (also referred to as the
Holomycota, the fungal lineage), are devoid of key IMAC compo-
nents (namely the integrins).’ "2

The functional domains of ITGA in amoebozoans are similar to
the canonical ITGA found in animals and their close relatives
such as the opisthokont filastereans Capsaspora owczarzaki,'”
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Ministeria vibrans, and Pigoraptor spp.'® Given the homologous
nature of the functional domain architecture in amoebozoan
ITGA, it is likely that their function at the cellular level is similar
to those in Metazoa. Therefore, we suspect the last common
ancestor of Amorphea (LCAA) probably already had ITGA within
its genome. Of note, there are potential ITGA homologs in
Archaea, it is possible that ITGA homologs predate the eukary-
otic last common ancestor, but were retained mostly in Amor-
phea. We also suspect that the ITGA Ig-like domains possessed
by some amoebozoans and obazoans are equivalent to meta-
zoan ITGA legs originally thought to be specific to meta-
zoans.'""'? An ITGA leg domain was probably in the ITGA of
the LCAA and secondarily lost in some taxa.

Some novel functional domains in type Il representatives are
integrin-binding domains that are present in ECM proteins
such as LamG,*” TSP1,® and EGF-like domains.*® Could the
last common ancestor of type Il representatives or LCAA contain
these integrin-binding domains? Other functional domains in
amoebozoan ITGA such as protein kinase, TSP1 together with
WSC, and intramolecular chaperone are not found in Obazoa.
Domain shuffling is an important mechanism for creating novel
genes in evolution.”® It has been suggested that many domains
in the ECM are found in unrelated proteins.®’ Whether these pro-
teins were parts of the domain shuffling in ITGA of the last com-
mon ancestor of Amoebozoa, which resulted in ECM evolution
remains to be seen and their function remains elusive. However,
based on our results, it is possible that we have predicted novel
integrin proteins with catalytic as well as adhesive properties.

The domains of amoebozoan ITGB are very similar to the ca-
nonical metazoan ITGB, and we suspect that the last common
ancestor of Amoebozoa retained these canonical ITGB struc-
tures, including the CRSM motif and three metal-binding sites.
The cytosolic tail motif “GFFKR” is probably specific to Obazoa,
and there may be no interaction in the C-terminal intracellular re-
gion of integrins in Amoebozoa. The presence of transmembrane
and the signal peptide regions are sporadic in Amorphea,
including Metazoa; a previous study showed shedding (evolution
from membrane docked to a secretory function) of integrins
occurs.”®> The amoebozoan ITGB cysteine pattern of
CGXCGGXXXXCXGC possesses more amino acids, including
glycine, compared with Obazoa (Figure 6F). Glycine is a small
non-polar amino acid®? and due to its small size, glycine positions
are often highly conserved within proteins.®>** However, the
reason for the differences in glycine content remains a mystery.

The type Il ITGB form an independent clade, and it is a sister
to the other amoebozoans and R. ramosa in Figure 4. LamG3
and vWD in ITGB have never been observed in Obazoa, and
the functions of these type Il ITGB proteins are unknown.
Some unicellular protists such as breviates, Capsaspora owc-
zarzaki, and apusomonads have a long expansion of the
CRSM for ITGB.""'? We suspect that Breviatea with a long in-
tegrin legs form a long integrin heterodimerization complex at
the extracellular area of the cell, as both ITGA and ITGB have
long legs of nearly equal proportions in Pygsuia biforma (Fig-
ures 2 and 3).""

Our prediction is that most of the Discosea, which includes
Acanthamoeba (again with several genomes available) and
many other sampled transcriptomes in our study, have lost these
proteins. However, one representative discosean (Mycamoeba
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gemmipara) has canonical ITGB homolog (Figure 4). Additionally,
four other amoebozoan taxa with genome sequences available
also appear to have lost ITGB in their evolution. There are amoe-
bozoans in which we have observed only ITGA or ITGB recep-
tors, without their counterpart integrin protein. A study by Li
et al.>® and Schneider et al.°° showed that homodimerization
of ITGA or ITGB might occur by clustering of integrin in a lipid
raft. Our results show that many of the amoebozoan species
singly possess either ITGA or ITGB, and yet they possess all
the signal components of IMAC. These amoebozoan with singu-
lar integrins may be capable of initiating the integrin signaling
pathway by a similar process.

Also, the question remains that the complexity of extra do-
mains of integrin are not species related and their compositions
are a single multidomain protein that is present only in Amoebo-
zoa. Phylogenetically, these orthologs (i.e., amoebozoan ITGA
and ITGB) form novel clades independent to known organisms
and most likely are ancestral to the Amoebozoa as a whole. In or-
der to further examine the overall distributions and protein archi-
tectures, genomic sequencing and further increased sampling of
taxa are necessary. Additionally, localization and gene knockout
strategies are necessary to understand the function of these
“multicellularity” proteins in unicellular amoebozoans. Recent
work in unicellular holozoans shows that they do function in
adhesion to substrates.®’

Our most comprehensive comparative genomic and transcrip-
tomic survey of Amoebozoa has revealed the presence of a full
set of IMAC across the Amoebozoa. To date, this complex was
believed to be Obazoa specific; our data show that these
IMAC proteins predate Obazoa. Therefore, the last common
ancestor of Amorphea contains the necessary machinery of
IMAGC; yet, what functional role they play in these unicellular pro-
tists remains unknown. In future work, localization and function-
ality studies of these IMAC proteins will be conducted and will be
critical for unlocking their mysteries.
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Chemicals, peptides, and recombinant proteins

2-propanol(certified ACS)
Ethanol (pure) 200 proof

Sigma-Aldrich
Fisher Sciences

Catalog Number: 19516-25ML
Catalog Number: BP2818100

Critical commercial assays

Nextera XT DNA Library Prep Kit

Nextera XT index kit v2 set A
Nextera XT index kit v2 set B
Nextera XT index kit v2 set C
Nextera XT index kit v2 set C

lllumina
lllumina
lllumina
lllumina
lllumina

Catalog Number: FC-131-1096
Catalog Number: FC-131-2001
Catalog Number: FC-131-2002
Catalog Number: FC-131-2003
Catalog Number: FC-131-2003

Deposited data

Mastigamoeba balamuthi (transcriptome)

Mycamoeba gemmipara (transcriptome)

Phylogenetic trees and alignments

Taxa examined and data sources,

see Table S5

NCBI Bioproject
PRJNA724719

NCBI Bioproject
PRJUNA724710

Dyrad

N/A

Assembly - https://doi.org/10.5061/dryad.gxd2547jk
Assembly - https://doi.org/10.5061/dryad.gxd2547jk
https://datadryad.org/stash/share/UzDxrdpQ-00T2IcXkP_

nDrG42JwYfNPYRVgZ8roFGBI
N/A

Software and algorithms

CD-HIT

Trinity v2.4.0
TransDecoder v 5.5.0
TmHmm v 2.0
Bowtie2 v 2.3.4.3
Diamond v 0.9.25
OrthoMCL v 5.0
Trimmomatic v 0.35
Mafft-Linsi v 7

Bmge v 1.12
SEQUENCER V 5.4.6.
BLAST 2.2.30+
IQTree v 1.5.5

Rsem

SignallP 5.0

Oyster River Protocol v 2.1.1
Meme-Suite v 5.0.4
DeepLoc —1.0
InterProScan 5.27-66.0
ETE3

Pfam

Mcl

BUSCO v5

Li and Godzik*®

Grabherr et al.*®

Haas et al.®°

Méller et al.®’

Langmead and Salzberg®?
Buchfink et al.®®

Fischer et al.®*

Bolger et al.®®

Katoh and Standley®®
Criscuolo and Gribaldo®”

Nguyen et al.®®

Li and Dewey®®
Almagro Armenteros et al.”’

MacManes”"

Bailey et al.””

Almagro Armenteros et al.”

Finn et al.”’
Huerta-Cepas et al.”*
El-Gebali et al.”

Van Dongen’®

Seppey et al.””

https://github.com/weizhongli/cdhit
https://github.com/trinityrnaseq/trinityrnaseq/
https://transdecoder.github.io/
http://www.cbs.dtu.dk/services/TMHMM/

https://sourceforge.net/projects/bowtie-bio/files/bowtie2/2.3.3.1

https://github.com/bbuchfink/diamond
https://orthomcl.org/orthomcl/
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RESOURCE AVAILABILITY

Lead contact
Further information and request for resources should be directed to, and will be fulfilled by, the Lead Contact Matthew W. Brown
(matthew.brown@msstate.edu).

Materials availability
This study did not generate any new reagents.

Data and code availability

The Mycamoeba gemmipara and Mastigamoeba balamuthi transcriptome raw reads are archived on NCBI under BioProject
PRJNA724710 and PRJINA724719, which also shown in Key resources table. Assemblies of these data are provided on the DryAD
data repository (https://doi.org/10.5061/dryad.gxd2547]k). All protein and nucleotide sequences of each gene, all protein alignments
(trimmed and untrimmed) used for the phylogenetic analyses, and phylogenetic trees are also available on the Dryap repository under
the above citation.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
The genomic level data examined in this project are listed in Table S5.

Culturing of Mycamoeba gemmipara

Mycamoeba gemmipara was obtained from Q. Blandenier and cultured as in Blandenier et al.”® Briefly, amoebae were grown on
weak malt yeast extract agar media (1 | distilled Ho0, 0.75 g K,PQOy4, 0.002 g yeast extract, 0.002 g malt extract, 15 g Bacto agar).
Amoebae were transferred from feeding fronts to wMY plates streaked with E. coli (strain MG1655 (ATCC 700926)) for the generation
of mono-eukaryotic and clonal cultures.

METHOD DETAILS

Transcriptome library construction

Ultra-low input/single-cell cDNA library construction based on Smart-Seq2

About 50 M. gemmipara cells were scraped off of an agar plate using a 30-gauge platinum wire placed directly into a 200 pL thin-
walled PCR tube. The cells were subjected to a modified version of Smart-Seq2’® that includes an additional freeze thaw step for
cell lysis described in Onsbring et al.®° for mRNA extraction and cDNA library preparation. The resulting cDNA libraries were prepared
for sequencing on the lllumina platform using a Nextera XT DNA Library Prep Kit (lllumina, CA) following the manufacturer’s protocol
with dual index primers. The M. gemmipara library was pooled with libraries for an unrelated study and sequenced using an lllumina
HiSeq 4000 at Genome Quebec.

Transcriptomic sequencing assembly

Low quality bases, adaptor sequences, and Smart-Seq2 primer sites were removed from the raw sequencing reads of M. gemmi-
para with TrRimvomaTic v 0.35.%° Surviving reads were assembled using the de novo assembly program Trinmy.?° Nucleotide se-
quences were translated and open reading frames were predicted with Transpecoper v 5.5.0 (https://github.com/TransDecoder/
TransDecoder/). After initial examination, the predicted proteomes of some taxa contained clearly truncated predicted proteins
of interest. We employed two additional strategies to improve the assembly of these transcriptomes or individual sequences.
To improve the overall assembly for some taxa, the raw reads were assembled more rigorously following the steps outlined in
the Oyster River Protocol.”" For individual sequences of interest, contigs generated by our automated assembly were blasted
(BrasTN) back to the raw nucleotide data and to the assembly for each transcriptome. Hits were collected and assembled using
SequUENCHER Vv 5.4.6 (GeneCodes, Madison, WI, USA). Each transcriptome was analyzed for completeness using the default meth-
odology of BUSCO v 5.7

Collection and identification of novel IMAC proteins
Canonical IMAC proteins and their protein architecture
We selected human IMAC proteins from NCBI: ITGA5:P08648, ITGB1:NP_002202, Talin:AAF27330, Parvin:AAH16713,
PINCH:NP_060450.2, vinculin:AAH39174, FAK:AAA35819 Paxillin:AAC50104 ILK:NP_001014794, o-actinin:AAC17470, Filami-
n:AAF72339, and Tensin:AAG33700, as well as previously reported integrin sequences from protistan species. INTERPROScAN 5.27-
66.0°" was used to determine these IMAC proteins domain architecture along with SigNALIP v 5.07° and TmHwm v 2.08". Meme-suite
5.0.472 was used to examine integrin motifs. DeerLoc v 1.07° was used to determine the subcellular localization of integrin proteins.
We set the minimum criteria of canonical IMAC proteins based on their architecture and motifs. We used OrthoMCL to assign IMAC
proteins their own ortholog numbers.

For integrins alpha and beta we collected putative novel sequences from our newly examined data for further analyses using two
strategies. In our first strategy we created a novel ortholog database by adding the transcriptomes and proteomes listed in Table S5
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to OrthoMCL v.5.0. To do this, an all-against-all BLasT using Diamonb-BLasTP was conducted using each protein from the aforemen-
tioned data as queries. Up to 1,000 hits that met our significance threshold of e-value < 1e-5 were collected. These Blast results were
then clustered using the OrthoMCL pipeline methodology. We then collected all sequences within orthogroups that contained meta-
zoan or previously identified protistan integrins from our newly constructed database. These sequences were again used as queries
in an all-versus-all BLASTP against one another. All hits above our threshold (e-value 1e-10) were collected and MCL clustered. In an
effort to reduce redundancy in our database of putative integrins all sequences were then subjected to clustering using CD-HIT at
0.95 global sequence identity. We also removed any sequences less than 500 amino acids in length. In our second strategy we
collected proteins that had predicted Pfam domains (e-value < 1e-10) that are hallmarks of canonical integrins. For ITGA we collected
any sequence containing FG-GAP (PF01839). For ITGB we collected any sequences that contained one or more of the following
PSI_integrin (PF17205), integrin_beta (PF00362), integrin_b_cyt (PF08725), or integrin B tail (PF07965)). For the remaining IMAC pro-
teins, we used BLASTP to search our novel ortholog database using human and previously identified protistan integrins as queries.
Sequences with hits (e-value < 1e-10) were collected for further examination.

Finally, the identity of the putative IMAC proteins were confirmed or rejected by comparing results of analyses using INTERPRoScAN,
SigNALIP, TMHMM, DeepLoc, and Meme-suITE against our minimum criteria established based on the examining the output of these pro-
grams when canonical or previously identified IMAC proteins were used as input. Subsequently, our collected IMAC proteins were
used to search newly available genomic and transcriptomic data using BLASTP as it became available.

Confirmation of amoebozoan integrins

Presence of integrin in the Mastigamoeba genome

To confirm the presence of these genes in the genome, we used the integrin transcripts of M. balamuthi as a query against the whole
shotgun genome data (CBKX00000000; https://www.ncbi.nlm.nih.gov/nuccore/CBKX000000000.1) using BLAST.® The common
splicing sites were for searched in integrins intron and exon boundaries by assembling the integrin genomic contig and integrin tran-
script in SEquENCHER v 5.4.6. The genome contigs of which contained integrin gene were searched for additional ORFs to examine the
phylogenetic affinity of other ORFs on the genomic contigs. We inferred a maximum likelihood phylogenetic tree of tenascin (adjacent
to the ITGB gene on CBKX010020318.1) and PA14 (adjacent to the ITGB gene on CBKX010020319.1), we used same conditions as
the integrin phylogenetic trees (see below).

QUANTIFICATION AND STATISTICAL ANALYSIS

Phylogenetic trees

To examine the evolutionary relationships of ITGA and ITGB within Amorphea, protein sequences were aligned by MarrFT-LinsI with the
parameters “—maxiterate 1000” and “~local pair. Ambiguous sites were trimmed from the alignments using Bvce®’ with a gap penalty
of 0.8. Maximum likelihood (ML) trees were inferred from these trimmed alignments in IQTree v 1.5.5°¢ under the LG model with the
C60 series model of site heterogeneity. Each tree is ML bootstrapped (MLBS) by 1,000 pseudoreplicates. A custom PyTHON script
implementing ETE-TooLkiT (www.etetoolkit.org) was used to map protein domain architectures (INTERPROScan domain IDs) onto
the resulting trees.
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