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Abstract

Structural maintenance of chromosomes (SMC) protein complexes are common in Bacteria, Archaea, and Eukaryota. SMC proteins,

together with the proteins related to SMC (SMC-related proteins), constitute a superfamily of ATPases. Bacteria/Archaea and

Eukaryotes are distinctive from one another in terms of the repertory of SMC proteins. A single type of SMC protein is dimerized

in the bacterial and archaeal complexes, whereas eukaryotes possess six distinct SMC subfamilies (SMC1–6), constituting three

heterodimeric complexes, namely cohesin, condensin, and SMC5/6 complex. Thus, to bridge the homodimeric SMC complexes in

Bacteria and Archaea to the heterodimeric SMC complexes in Eukaryota, we need to invoke multiple duplications of an SMC gene

followed by functional divergence. However, to our knowledge, the evolution of the SMC proteins in Eukaryota had not been

examined for more than a decade. In this study, we reexamined the ubiquity of SMC1–6 in phylogenetically diverse eukaryotes that

cover the major eukaryotic taxonomic groups recognized to date and provide two novel insights into the SMC evolution in

eukaryotes. First, multiple secondary losses of SMC5 and SMC6 occurred in the eukaryotic evolution. Second, the SMC proteins

constituting cohesin and condensin (i.e., SMC1–4), and SMC5 and SMC6 were derived from closely related but distinct ancestral

proteins. Based on the above-mentioned findings, we discuss how SMC1–6 have diverged from the archaeal homologs.
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Introduction

Chromosomes comprise DNA molecules, which are the body

of genetic information, and a large number of proteins with

diverse functions. In eukaryotes, cohesin and condensin, to-

gether with many other proteins, maintain the integrity of

chromosome structure. Cohesin and condensin participate

in protein complexes (Anderson et al. 2002) that bundle sister

chromosomes together during mitosis (Haering et al. 2008)

and meiosis (Ishiguro 2019), and aggregate chromosomes

(Sutani and Yanagida 1997), respectively. Cohesin is consti-

tuted by two structural maintenance of chromosomes (SMC)

proteins (SMC1 and SMC3; Losada et al. 1998) and accessory
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subunits Rad21/Scc1 and STAG1/Scc3 (Birkenbihl and

Subramani 1995; Carramolino et al. 1997; T�oth et al.

1999). Condensin contains SMC2 and SMC4 (Hirano and

Mitchison 1994), and a different set of accessory subunits

CAP-D2, CAP-G, and CAP-H (Hirano et al. 1997). There are

two additional SMC proteins, SMC5 and SMC6 (Lehmann

et al. 1995; Fousteri and Lehmann 2000), which comprise

the “SMC5/6” complex together with six accessory proteins

(Nse1–6; Fujioka et al. 2002; Pebernard et al. 2004, 2006;

Andrews et al. 2005; Hu et al. 2005) and involve mainly in

DNA repair but also replication fork stability (Arag�on 2018).

SMC proteins, together with MukB, Rad50, and RecN, be-

long to a large ATPase superfamily with unique structural

characteristics (Niki et al. 1991; Funayama et al. 1999; Löwe

et al. 2001). SMC proteins comprise “head” that hydrolyzes

ATP, “hinge” that facilitates the dimerization of two SMC

proteins (SMC1 and SMC3 in cohesin, SMC2 and SMC4 in

condensin, and SMC5 and SMC6 in the SMC5/6 complex),

and antiparallel coiled coils connecting the head and hinge

(Melby et al. 1998). As ATPases, SMC proteins bear eight

motifs such as Walker A (P-loop), Walker B, ABC signature

motif (C-loop), A-loop, D-loop, H-loop (switch motif), R-loop,

and Q-loop, all of which are required for ATP binding and

hydrolysis. In the ATPases belonging to the SMC superfamily,

the Walker A motif, A-loop, R-loop, and Q-loop are located at

the N-terminus of the molecule, being remote from the rest of

the motifs at the C-terminus (Palou et al. 2018). Thus, SMC

proteins most likely form hairpin-like structures to make all of

the sequence motifs for ATP binding in close proximity in the

tertiary structures (Melby et al. 1998).

The vast majority of the members of Bacteria and Archaea

possess a single SMC protein for DNA strand aggregation. In

contrast to the eukaryotic SMC complexes containing hetero-

dimeric SMC proteins, the SMC complexes in Bacteria and

Archaea comprise two identical SMC proteins (i.e., homodi-

meric), together with accessory subunits (Britton et al. 1998;

Soppa 2001). It is noteworthy that the SMC protein is not

conserved strictly in Bacteria or Archaea (Soppa 2001). For in-

stance, the absence of the conventional SMC protein in the

Crenarchaeota genus Sulfolobus was experimentally shown to

be complemented by the proteins that are distantly related to

the authentic SMC, namely coalescin (Takemata et al. 2019).

To our knowledge, no study on the diversity and evolution

of SMC proteins sampled from phylogenetically diverse eukar-

yotes has been done since Cobbe and Heck (2004). Their

phylogenetic analyses recovered individual clades of SMC1–

6, and further united 1) SMC1 and SMC4 clades, 2) SMC2

and SMC3 clades, and 3) SMC5 and SMC6 clades together.

Henceforth here in this work, we designated the three unions

as “SMC1þ 4 clan,” “SMC2þ 3 clan,” and “SMC5þ 6

clan,” respectively. Based on the phylogenies inferred from

the SMC proteins in the three domains of Life, the authors

proposed that SMC1–6 were yielded through gene duplica-

tion events that occurred in the early eukaryotic evolution.

The pioneering work by Cobbe and Heck (2004) was a

significant first step to decipher the origin and evolution of

the six SMC subfamilies in eukaryotes, albeit they provided no

clear scenario explaining how a primordial SMC protein diver-

sified into SMC1–6 prior to the divergence of the extant eukar-

yotes. Thus, we reassessed the ubiquity and the phylogenetic

relationship among the six eukaryotic SMC subfamilies in this

study. Fortunately, recent advances in sequencing technology

allow us to search for SMC homologs in the transcriptome

and/or genome data of phylogenetically much broader eu-

karyotic lineages than those sampled from metazoans, fungi

(including a microsporidian), land plants, and trypanosomatids

analyzed in Cobbe and Heck (2004). Furthermore, computer

programs for the maximum-likelihood (ML) phylogenetic

methods, as well as hardware, have been improved signifi-

cantly since 2004. Thus, hundreds of SMC proteins from di-

verse eukaryotes can be subjected to the ML analyses now, in

contrast to Cobbe and Heck (2004) wherein only a distance

tree was inferred from the alignment of 148 SMC sequences.

Our survey of SMC1–6 in 101 eukaryotes confirmed the

early divergence of the six SMC subfamilies in eukaryotes,

albeit the secondary loss of SMC5 and SMC6 most likely

has occurred in separate branches of the tree of eukaryotes.

Moreover, the phylogenetic analysis of SMC1–6, bacterial and

archaeal SMC (aSMC), and Rad50/SbcC (397 sequences in

total) disfavored the single origin of the six SMC subfamilies

in eukaryotes and instead suggested that the ancestral mole-

cule of SMC5 and SMC6 is distinct from that of SMC1–4. We

finally proposed a scenario for the evolution of SMC in

Archaea and Eukaryota.

Results

We first reexamined the conservation of the six SMC subfa-

milies in 59 phylogenetically diverse eukaryotes. Among the

59 eukaryotes, we retrieved 366 SMC proteins in total after

eliminating non-SMC sequences by a preliminary phyloge-

netic analysis. Subsequently, we classified the 366 SMC pro-

teins into individual subfamilies (i.e., SMC1–6) based on the

phylogenetic affinity to the SMC1–6 proteins known prior to

this study (supplementary table S1, Supplementary Material

online). Supplementary table S1, Supplementary Material on-

line contains truncated SMC sequences likely due to 1) the

absence of the full-length transcript in the RNA-seq data and/

or 2) an intron (or introns) that hinders recovery of the entire

SMC-coding region from the genome data.

Inventories of the Proteins Constituting Cohesin and
Condensin

At least two of SMC1–4 were detected in 52 out of the 59

eukaryotes examined here (fig. 1: The seven eukaryotes, from

which the set of SMC1–4 failed to be completed, are de-

scribed in the latter part of this section). A preliminary
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FIG. 1.—Inventories of the six SMC subfamilies in eukaryotes. The SMC sequences were searched for in 59 species that represent the major taxonomic

assemblages in the tree of eukaryotes. The phylogenetic relationship among the major taxonomic assemblages (left) is unsettled except the node uniting
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phylogenetic analysis suggested that lineage-specific gene

duplications produced two different types of SMC4 in the

ciliate Oxytricha trifallax and the parabasalid Trichomonas vag-

inalis (EJY74552.1 and EJY65570; XP_001328834.1 and

XP_001328078.1), and those of SMC2 in the ciliate

Paramecium tetrauelia (XP 001443869.1 and XP

001447973). Likewise, the duplication of SMC6 gene may

have occurred independently in two land plants Arabidopsis

lyrata and Physcomitrella patens, yielding two distinctive types

of SMC6 (XP 020877425.1 and XP 020884092.1; XP

024388470.1 and XP_024388471.1).

From each of the telonemid Telonema subtilis and the

ancyromonad Ancyromonas sigmoides, we detected two sep-

arate transcripts, one encoding the N-terminal portion of

SMC1 and the other encoding the C-terminal portion of the

same protein. Although we found no transcript encoding the

entire SMC1, we regard that both T. subtilis and A. sigmoides

possess the standard SMC1 with the ATP binding motif split

into the N- and C-termini of a single molecule. Likewise, for

SMC1 and SMC3 of the chrompodellid Chromera velia, SMC2

of the glaucophyte Cyanophora paradoxa, and SMC6 of the

heterolobosean Naegleria fowleri, we failed to retrieve any

transcript/contig encoding the entire protein in the transcrip-

tome/genome data. Although the uncertainties described

above could not be resolved at this point, we considered

that the SMC proteins mentioned above are of full-length.

We detected a subset of SMC1–4 in Chlorokybus atmo-

phyticus (a green alga, Archaeplastida), C. paradoxa (a glau-

cophyte, Archaeplastida), Choanocystis sp. (a centrohelid,

Haptista), Pharyngomonas kirbyi (a heterolobosean,

Discoba), Rigifila ramosa and Mantamonas plastica in the

CRuMs clade, and the hemimastigophoran Hemimastix kuk-

wesjijk (fig. 1). It is most likely that the seven species described

above do possess SMC1–4 but subsets of subfamilies in them

were escaped from our survey due to some experimental

reasons. The four SMC subfamilies were found in the phylo-

genetic relatives of the species mentioned above, except for

Hemimaxtix kukwesjijk that showed no clear phylogenetic af-

finity to any other eukaryotes known to date (Lax et al. 2018).

For instance, P. kirbyi is closely related to N. fowleri, both of

which belong to Heterolobosea, and SMC4 was not detected

in the former whereas all of SMC1–4 were completed in the

latter (fig. 1). One of the most plausible reasons for missing

one or two out of SMC1–4 in this study is the quality and

quantity of sequence data. We suspect that, depending on

data quality and/or quantity, all of the SMC subfamilies were

difficult to detect in the species for which only transcriptome

data were available. In sum, despite the uncertainties above,

we anticipate that all eukaryotes have the set of SMC1–4,

reinforcing the significance of cohesin (including SMC1 and

3) and condensin (including SMC2 and 4) for cellular viability.

The ubiquity of SMC1–4 strongly suggests that SMC1–4 were

present in the last eukaryotic common ancestor (LECA).

We also investigated the conservation of accessory subu-

nits of cohesin and condensin in the transcriptome and/or

genomic data from the 59 eukaryotes (supplementary fig.

S1, Supplementary Material online). In cohesin, SMC1 and

SMC3 interact with Rad21/Scc1 and STAG1/Scc3. We

detected Rad21/Scc1 and STAG1/Scc3 homologs in 44 and

43 out of the 59 eukaryotes investigated here, respectively. It

is worthy to note that the two accessory subunits were

detected rarely in the members of Alveolata. This result

implies that Rad21/Scc1 and/or STAG1/Scc3 in alveolates

are highly diverged and difficult to detect based on amino

acid sequence similarity. Alternatively, some of the eukaryotes

(e.g., alveolates) might have lost Rad21/Scc1 and/or STAG1/

Scc3 or substitute the two proteins with as-yet-unknown pro-

teins. Condensin comprises CAP-D2, CAP-G, and CAP-H, to-

gether with SMC2 and SMC4. CAP-D2, CAP-G, and CAP-H

were found in 48, 33, and 42 out of the 59 eukaryotes, re-

spectively (supplementary fig. S1, Supplementary Material on-

line). Curiously, we failed to find CAP-G in any of the

members of Alveolata examined here. Likewise, neither

CAP-G nor CAP-H was found in the members of

Kinetoplastea examined here. Future experimental studies

are necessary to examine the requirement of CAP-G in alveo-

lates, and CAP-G and CAP-H in kinetoplastids. We conducted

the phylogenetic analysis of the kleisin superfamily, which is

composed of Rad21/Scc1, CAP-H, Nse4, and ScpA in cohesin,

condensin, the SMC5/6 complex, and the bacterial/aSMC

complex, respectively (Schleiffer et al. 2003). Rad21/Scc1

and CAP-H sequences formed distinct clades, which were

sister to each other, in the kleisin phylogeny (supplementary

fig. S2, Supplementary Material online).

Inventories of the Proteins Constituting the SMC5/6
Complex

SMC5 and/or SMC6 were detected in 49 out of the 59 species

assessed in this study (fig. 1). A set of SMC5 and SMC6 was

TSAR, Cryptista, Haptista, and Archaeplastida, which are so-called Diaphoretickes as a whole. On the right, the presence/absence of the six SMC subfamilies

is shown by symbols for each species. Blue (filled) circles represent the full-length SMC amino acid sequences retrieved from the GenBank nr database. Gray

(filled) circles represent that the transcripts encoding the full-length proteins were found in the corresponding transcriptome data deposited in the SRA

database in the GenBank. Open circles with blue borders represent truncated SMC amino acid sequences found in the GenBank nr database, whereas those

with gray borders represent the truncated transcripts encoding SMC proteins identified in the transcriptome data. We only propose the absence of SMC5

and SMC6 in nine eukaryotes (highlighted by x-marks), as neither of the two SMC subfamilies was found in their genome or transcriptome data. In case of a

certain subfamily being undetected in the transcriptome data, we left its presence/absence uncertain and gave no symbol in the corresponding column in the

figure.
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found in 43 out of the 49 species, while either of the two

SMC proteins is missing in 6 species (fig. 1). We suspected

that one of the two proteins escaped from our survey in the

six species because both SMC5 and SMC6 are indispensable

to constitute the SMC5/6 complex. Despite the exceptions

described above, both SMC5 and SMC6 were found in phy-

logenetically broad eukaryotes, suggesting that the two SMC

subfamilies were present in the LECA.

Neither SMC5 nor SMC6 was detected from 11 out of the

59 eukaryotes examined here (fig. 1). Curiously, both high-

quality transcriptome and genome data are available for 9 out

of the 11 eukaryotes, namely three ciliates (Paramecium tet-

raurelia, O. trifallax, and Tetrahymena thermophila), and three

kinetoplastids (Trypanosoma brucei, Bodo saltans, and

Perkinsela sp.), the chrompodellid C. velia, the dinoflagellate

Symbiodinium microadriaticum, and Perkinsus marinus that

represents Perkinosozoa, a taxonomic group basal to dinofla-

gellates (fig. 1). The failure in identifying SMC5 or SMC6 in

the three kinetoplastids is consistent with Gluenz et al. (2008)

which detected neither SMC5 nor SMC6 in T. brucei. We here

regard the aforementioned eukaryotes as the candidate line-

ages that discarded SMC5 and SMC6 secondarily. To pursue

the possibility described above, we expanded the search on

the repertoire of SMC subfamilies in additional ciliates, dino-

flagellates, and chrompodellids, and kinetoplastids and their

close relatives (see below). The results of the additional surveys

of the SMC subfamilies are described in the next section.

Unfortunately, we cannot be sure whether both SMC5 and

SMC6 are absent truly in H. kukwesjijk and T. subtilis based on

the survey solely in the transcriptome data.

The SMC5/6 complex is known to be associated with

Nse1–6. In this study, we searched for the Nse1–4 sequences

in the 59 eukaryotes, albeit Nse5 and Nse6, both of which are

little conserved among eukaryotes (Diaz and Pecinka 2018),

were excluded from the survey. The survey of Nse1–4

was less successful than those of the accessory subunits in

cohesin and condensin (see above). We found the set of

the four Nse proteins only in 8 out of the 59 eukaryotes ex-

amined (supplementary fig. S1, Supplementary Material on-

line). Nevertheless, at least one of Nse1–4 was found in

phylogenetically diverse eukaryotes, implying that the LECA

possessed the SMC5/6 complex associated with at least Nse1–

4. The phylogenetic analysis of the proteins belonging to the

kleisin superfamily recovered the clade of Nse4 sequences,

which was further connected to the Rad21/Scc1 and CAP-H

clades excluding the ScpA sequences (supplementary fig. S2,

Supplementary Material online). Nse1 and Nse3 are known to

bear the similarity to ScpB (an accessory subunit of bacterial/

aSMC complex) at the tertiary structural level (Palecek and

Gruber 2015). However, it was difficult to detect the similarity

among Nse1, Nse3, and ScpB at the amino acid sequence

level and we could not assess their phylogenetic relationship.

Secondary Losses of SMC5 and SMC6

The survey of the SMC subfamilies illuminated putative sec-

ondary losses of SMC5/6 in kinetoplastids, ciliates, dinoflagel-

lates plus Perkinsus, and a chrompodellid C. velia (fig. 1). Thus,

we additionally surveyed the SMC subfamilies in the transcrip-

tome data of three kinetoplastids plus three of their relatives

(two diplonemids and a euglenid), 15 ciliates, three chrompo-

dellids, and 18 dinoflagellates. The transcriptome data of the

species additionally surveyed were retrieved from public data-

bases and assembled into the contig data. As a transcriptome

analysis unlikely covers the entire repertory of the genes in the

corresponding genome, all of the SMC subfamilies in the spe-

cies of interest are not necessarily detectable by the survey in

the contig data. Nevertheless, if SMC5/6 is truly absent in a

particular group of eukaryotes, neither SMC5 nor SMC6 is

unlikely detected in any members of the group of interest.

We examined whether the putative absence of SMC5/6 in

kinetoplastids T. brucei, Perkinsela sp., and B. saltans (fig. 1) is

applicable to other members of the class Kinetoplastea and

members belonging to classes Diplonemea and Euglenida

that comprise the phylum Euglenozoa with Kinetoplastea.

As anticipated, in all of the kinetoplastids and diplonemids

additionally examined, SMC5 or SMC6 was not detected

whereas SMC1–4 were found (fig. 2A). In contrast, SMC1–

6 were detected in the sequence data from two euglenids

Euglena gracilis and Eutreptiella gymnastics (fig. 2A). In the

tree of Euglenozoa, Kinetoplastea and Diplonemea branch

together by excluding Euglenida. Combining the presence/

absence of SMC5/6 and the phylogenetic relationship among

the three classes in Euglenozoa together, we propose that a

single loss of SMC5/6 occurred in the common ancestor of

kinetoplastids and diplonemids.

The results from the survey of SMC subfamilies in dinofla-

gellates were straightforward. Neither SMC5 nor SMC6 was

found in any of the dinoflagellate species examined, whereas

SMC1–4 were completed in all of them except Togula jolla,

from which SMC1 was not found (fig. 2B). Thus, we interpret

the result as both SMC5 and SMC6 being lost in the common

ancestor of dinoflagellates and perkinsids.

The presence/absence of SMC5 and SMC6 in chrompodell-

ids is likely complicated. Importantly, both SMC5 and SMC6

were identified in Vitrella brassicaformis (fig. 1). Among the

species additionally examined, SMC6 was detected in

Alphamonas edax and Colpodella angusta (fig. 2B). Thus,

the ancestral chrompodellid species likely possessed SMC5

and SMC6 and the loss of the two SMC subfamilies occurred

at least on the branch leading to C. velia. We are currently

unsure whether an undescribed chrompodellid “symbiont X”

truly lacks SMC5/6, as the transcriptome was prepared from a

limited number of the parasite/symbiont cells manually iso-

lated from the host animal (Janou�skovec et al. 2019). Thus,

the library for sequencing may have missed the transcripts

encoding SMC5 and SMC6.
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Overall, the qualities/quantities of the ciliate transcriptome

data may not be high enough to identify all of the six SMC

subfamilies. We succeeded in identifying a set of SMC1–4

only in four out of the 15 species examined additionally

(fig. 2B). Nevertheless, we could find SMC5 or SMC6 in

none of the 15 species examined additionally. Based on the

surveys of SMC5/6 in the transcriptome data together with

those in the three high-quality genome data, we propose that

the common ancestor of ciliates lost both SMC5 and SMC6

secondarily.

Phylogenetic Relationship among the SMC Subfamilies in
Eukaryotes: Rooted Analyses

We subjected only SMC sequences that cover both highly

conserved “block” at the N-terminus (i.e., Walker A and Q-

loop motifs) to those at the C-terminus (i.e., Signature and

Walker B motifs) to the ML and Bayesian phylogenetic anal-

yses, along with the bacterial and aSMC sequences, and

Rad50/SbcC sequences (Rad50 in Bacteria is termed as

SbcC). As the ML and Bayesian phylogenies agreed with

each other overall, and thus Bayesian posterior probabilities

(BPPs) for the nodes of our interest are shown on the ML tree

(fig. 3A; the Bayesian consensus tree with BPPs is provided as

supplementary fig. S3, Supplementary Material online). In the

ML analysis, the six SMC subfamilies in eukaryotes formed

individual clades with ML nonparametric bootstrap support

values (MLBPs) ranging from 95% to 100%, ultra-fast boot-

strap support values (UFBPs) ranging from 95% to 100%, and

BPPs of 1.0 (nodes 1, 2, 4, 5, 8, and 9 in fig. 3A; see supple-

mentary fig. S3, Supplementary Material online for the

Bayesian consensus tree with BPPs). The clade of bacterial

SMC homologs and that of Rad50/SbcC homologs were sup-

ported by MLBPs/UFBPs/BPPs of 75%/100%/1.0 and 94%/

100%/1.0, respectively. The monophyly of the aSMC homo-

logs was not recovered (see below). For the ML and Bayesian

trees with the full taxon names, we supply the treefiles as a

part of Supplementary Material online.

In the SMC phylogeny presented in Cobbe and Heck

(2004), SMC1 and SMC4, SMC2 and SMC3, and SMC5

and SMC6 formed the SMC1þ 4 clan, the SMC2þ 3 clan,

and the SMC5þ 6 clan, respectively, although no ML
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FIG. 2.—Taxonomic groups lacking SMC5 and SMC6. For each spe-

cies examined here, the presence of SMC1–4 is represented by filled

portions of the circle (upper right, SMC1; lower right, SMC2; lower left,

SMC3; upper left, SMC4), regardless of whether they are full-length or

truncated. If a subset of SMC1–4 was not detected in the transcriptome

data, the corresponding portion(s) is left blank. Open circles indicate that

we detected the full-length or truncated transcripts encoding SMC5/

SMC6. According to the rule described in the legend for figure 1, we

judged the absence of SMC5 and/or SMC6 (highlighted by x-marks). In

case of no transcript encoding SMC5/SMC6 being detected in a certain

transcriptome, the corresponding column is left blank. The species, for

which both genome and transcriptome data are available, are shaded in

gray. The secondary losses of SMC5 and SMC6 were predicted on the

branches highlighted by arrowheads. The descendants of the organisms,

which discarded SMC5 and SMC6 secondarily, are colored in magenta. (A)

Inventories of SMC1–6 in the members of Euglenozoa. The phylogenetic

relationship among the kinetoplastids considered here is based on Yazaki

et al. (2017). (B) Inventories of SMC1–6 in Alveolata. The phylogenetic

relationship among the apicomplexans and chrompodellids, that among

dinoflagellates, and that among ciliates are based on Janou�skovec et al.

(2019), Sarai et al. (2020), and Gao et al. (2016), respectively.
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FIG. 3.—ML phylogeny of SMC sequences in Bacteria, Archaea, and Eukaryota rooted by Rad50/SbcC sequences. (A) Rooted ML phylogeny. All of the

sequence names are omitted. The bacterial, archaeal, and eukaryotic branches are colored in green, purple, and blue, respectively. The clade of Rad50/SbcC

sequences is shaded in gray. The MLBPs, UFBPs, and BPPs are displayed for the nodes that are critical to the evolution of the six SMC subfamilies of

eukaryotes. Many of the deep splits received MLBPs smaller than 50% (labeled as “<50”). The nine archaeal branches are highlighted by a star as “SMC5/6-

related aSMC homologs” (see the main text for the details). (B) Summary of the statistical support for nodes 1–12. The UFBPs in the first column and MLBPs

in the second column were calculated from the SMC/SMC-related alignment without extremely long-branch sequences (UFBP/Dlbs) and that processed by

the procedure recoding 20 amino acids into 4 bins (MLBP/recode), respectively. The MLBPs in the last column were calculated from the alignment from which

Rad50/SbcC sequences were excluded (MLBP/unrooted).
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bootstrap analysis was carried out. In contrast, we subjected

the alignment containing SMC and Rad50/SbcC in Bacteria,

Archaea, and Eukaryota to the ML, ML bootstrap, and

Bayesian analyses, and the SMC1þ 4 clan, SMC2þ 3 clan,

and SMC5þ 6 clan recovered with MLBPs/UFBPs/BPPs of

98%/100%/1.0, 80%/99%/1.0, and 84/99%/0.99, respec-

tively (nodes 3, 6, and 10 in fig. 3A). The SMC1þ 4 and

SMC2þ 3 clans grouped together, albeit the nodes uniting

SMC1–4 received an MLBP/UFBP/BPP of 29%/87%/0.98

(node 7 in fig. 3A). Surprisingly, the SMC5þ 6 clan showed

an intimate affinity to a subset of aSMC homologs

(highlighted by a star in fig. 3A), instead of other eukaryotic

SMC subfamilies. The clade of the aSMC homologs found in

eight metagenomes, which belong to Crenarchaota,

Candidatus Verstraetearchaeota, Thaumarchaeota, and

Candidatus Bathyarchaeota, joined the SMC5þ 6 clan with

an MLBP/UFBP/BPP of 59%/70%/0.97 (node 11 in fig. 3A).

Then, the SMC homolog found in the metagenome of an

archaeon belonging to Korarchaeota was connected to the

clade of the SMC5þ 6 clan and the eight aSMCl homologs

with an MLBP/UFBP/BPP of 87%/100%/1.0 (node 12 in

fig. 3A). The metagenomes, which carry the nine aSMC

homologs branched at the base of the SMC5þ 6 clan, belong

commonly to the TACK superphylum.

We further pursued the phylogenetic relationship among

SMC1–6. As the branches leading to the eukaryotic SMC

subfamilies were long, we cannot exclude the possibility of

the ML tree shown in figure 3A being biased by long-branch

attraction (LBA) artifacts (Bergsten 2005). To examine the

possibility mentioned above, we eliminated extremely long-

branch sequences from the SMC/SMC-related alignment and

repeated the ML phylogenetic analysis. However, the tree

topology before and that after eliminating extremely long-

branch sequences were essentially unchanged (supplemen-

tary fig. S4, Supplementary Material online, and the UFBPs

for nodes 1–12 are shown in the column labeled as “UFBP/

Dlbs” in figure 3B; for the ML tree with full taxon names, see

the treefile supplied as a part of Supplementary materials).

Thus, the extremely long-branch sequences unlikely biased

the phylogenetic relationship among the six SMC subfamilies

in eukaryotes.

The SMC/SMC-related sequences are divergent (fig. 3A),

implying that the amino acid substitutions in many alignment

positions have been saturated. We here recoded 20 amino

acids in the SMC/SCM-related alignment into four bins to

ameliorate substitution saturation which potentially causes

various artifacts in tree reconstruction including LBA (Susko

and Roger 2007). In the ML tree inferred from the recoded

alignment, the monophyly of SMC1–6 was not recovered

and, overall, the MLBPs for the nodes of interest were lower

than the corresponding values calculated from the original

alignment (supplementary fig. S5, Supplementary Material

online and the MLBPs for nodes 1–12 are shown in the col-

umn labeled as “MLBP/recode” in fig. 3B; for the ML tree

with full taxon names, see the treefile supplied as a part of

Supplementary Material online). The SMC1þ 4 and

SMC2þ 3 clans were separated from each other by the

SMC homologs of bacteria and a subset of archaea, albeit

the nodes separating the SMC1þ 4 and SMC2þ 3 clans

were not supported by MLBPs greater than 50% (supplemen-

tary fig. S5, Supplementary Material online). The ML phylog-

eny inferred from the original alignment (node 7 in fig. 3A)

and that from the recoded alignment (supplementary fig. S5,

Supplementary Material online) are not contradictory to each

other, as both left a large room for the relationship between

the SMC1þ 4 and SMC2þ 3 clans. The statistical support for

the SMC5þ 6 clan was also reduced by the recoding proce-

dure. The nine aSMC homologs, which were placed at the

base of the SMC5þ 6 clan in the first ML analysis (marked by

a star in fig. 3A), formed a clade and branched directly with

the SMC6 clade (supplementary fig. S5, Supplementary

Material online). The SMC5 clade was then connected with

the clade of SMC6 plus the nine aSMC homologs.

Nevertheless, the above-mentioned nodes were poorly sup-

ported (MLBPs< 50%; supplementary fig. S5, Supplementary

Material online; see also node 12 in fig. 3B). In sum, we con-

clude that the monophyly of SMC1–6 was not positively sup-

ported in the ML analysis of the recoded alignment.

Altogether, it is unlikely that the phylogenetic relationship

among the six SMC subfamilies in eukaryotes was biased sig-

nificantly by the LBA artifact which stemmed from long-

branch sequences or substitution saturation in the original

alignment.

Phylogenetic Relationship among the SMC Subfamilies in
Eukaryotes: Unrooted Analyses

We then conducted an extra set of ML analyses excluding the

Rad50/SbcC (outgroup) sequences. As the SMC and Rad50/

SbcC homologs are distantly related to each other (fig. 3A),

the outgroup potentially introduced LBA artifacts, which hin-

dered the recovery of the monophyly of the six SMC subfa-

milies in eukaryotes, in the rooted analyses (e.g., fig. 3A).

Significantly, the phylogenetic relationship among the SMC

subfamilies was almost identical before and after the exclu-

sion of the outgroup (fig. 4A; supplementary fig. S6,

Supplementary Material online and the MLBPs for nodes 1–

12 are shown in the column labeled as “MLBP/unrooted” in

fig. 3B; for the unrooted ML tree with full taxon names, see

the treefile supplied as a part of Supplementary Material on-

line). Thus, the inclusion of the Rad50/SbcC homologs in the

original alignment most likely gave no substantial impact on

the SMC phylogeny.

Neither rooted nor unrooted ML phylogeny favored the

monophyly of the six SMC subfamilies in eukaryotes (figs.

3A and 4A). We here examine the alternative trees bearing

the monophyly of SMC1–6 by an approximately unbiased

(AU) test (Shimodaira 2002). To avoid any potential biases
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FIG. 4.—(A) Unrooted ML phylogeny of SMC sequences in Bacteria, Archaea, and Eukaryota. All of the sequence names are omitted. The color scheme

for bacterial, archaeal, and eukaryotic SMC branches is the same as described in the legend of figure 3. Only ML nonparametric bootstrap values for the

major nodes are shown. (B) The scheme how to prepare the alternative trees for an AU test. From the unrooted ML tree (see A), the first set of seven

alternative trees (Trees 1–7) were generated by pruning and regrafting of the clade of SMC1–4 into alternative positions labeled as 1–7 (see the upper figure).

The second set of 7 alternative trees (Trees 8–14) were generated by pruning and regrafting of the clade of SMC5 and SMC6 into alternative positions

labeled as 8–14 (see the lower figure). In both upper and lower figures, the diamonds represent the original position of the clade of SMC1–4 and that of

SMC5 and SMC6 in the ML tree (Tree 0). In all figures, “SMC5/6-related aSMC homologs” are highlighted by a star (see the main text for the details).
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in tree reconstruction caused by the outgroup, we conducted

the AU test based on the unrooted alignment. If we discard

the hypothesis assuming the monophyly of SMC1–6 in the

test based on the unrooted alignment, SMC1–6 cannot form

the clade in the rooted phylogeny. For the AU test, we mod-

ified the unrooted ML tree (fig. 4A) by pruning and regrafting

the subtree containing both SMC1þ 4 and SMC2þ 3 clans in

seven alternative positions, as illustrated in the upper part in

figure 4B. Likewise, the SMC5þ 6 clan was pruned from the

original position and regrafted to seven alternative positions

to generate an extra seven alternative trees (the lower part in

fig. 4B). Only two out of the 14 alternative trees (i.e., Trees 3

and 8) failed to be rejected at a 5% a-level (table 1).

Significantly, Trees 7 and 14, which support the monophyly

of SMC1–6, were rejected at a 1% a-level (P values of

3.49� 10�35 and 0.00961, respectively; table 1).

Both standard phylogenetic analyses and the AU test con-

sistently suggested that the SMC5þ 6 clan is evolutionarily

distantly related from the rest of the SMC subfamilies in

eukaryotes (i.e., SMC1–4).

Phylogenetic Diversity of the aSMC homologs

The rooted and unrooted SMC phylogenies indicated that the

nine aSMC homologs, all of which were found in the meta-

genomes belonging to the TACK superphylum, grouped with

SMC5 and SMC6 with high statistical support (highlighted by

stars in figs. 3A and 4A; henceforth here, designated as

“SMC5/6-related aSMC homologs”). Among the 512

aSMC homologs retrieved initially from the GenBank nr data-

base (see Materials and Methods), we found 80 SMC5/6-

related aSMC homologs including the nine homologs de-

scribed above (supplementary fig. S7, Supplementary

Material online; for the ML tree with full taxon names,

see the treefile supplied as a part of Supplementary Material

online). We here propose to split the 512 aSMC homologs

into two categories. The first aSMC category contains

the 432 homologs that show no phylogenetic affinity

to SMC5 and SMC6, and was found in phylogenetically

broad species/metagenomes belonging to TACK superphy-

lum, Euryarchaeota, DPANN group, Asgard group, and

Candidatus Thermoplasmatota (designated as the “canonical

aSMC”; fig. 5A). Considering the phylogenetic distribution,

the canonical aSMC likely has been inherited from the ances-

tral archaeon to the major descendents. The second category

comprises SMC5/6-related aSMC homologs found in the re-

stricted set of the species/metagenomes. Sixty-six out of the

80 SMC5/6-related aSMC homologs identified here were

found in the species/metagenomes of the TACK superphylum

(fig. 5B). However, the species/metagenomes bearing SMC5/

6-related aSMC homologs appeared to span Euryarchaeota,

Asgard group, and Candidatus Thermoplasmatota, implying

the early emergence of SMC5/6-related aSMC prior to the

divergence of major archaeal lineages. Although no SMC5/

6-related aSMC homolog was found in any member of the

DPANN group, we anticipate finding some members carrying

SMC5/6-related aSMC in this lineage in future studies. The

distributions of the canonical and SMC5/6-related aSMC in

Archaea force us to assume the ancestral archaeon with the

two distinct SMC homologs. Intriguingly, 44 out of the 80

species/metagenomes were found to possess both canonical

and SMC5/6-related aSMC homologs and may represent the

SMC repertory in the ancestral archaeon. As the majority of

the species/metagnomes investigated here possesses either

canonical or SMC5/6-related aSMC homolog, the loss of

one of the two distinct SMC homologs most likely occurred

at a high rate in the tree of Archaea.

Discussion

LECA Possessed a Set of Cohesin, Condensin, and the
SMC5/6 Complex

The pioneering work by Cobbe and Heck (2004) proposed the

ubiquity of SMC1–6 among eukaryotes, albeit their conclu-

sion was drawn from the survey against a phylogenetically

restricted set of eukaryotes (i.e., 16 opisthokonts, 2 land

plants, and 2 trypanosomatids). Transcriptome and/or ge-

nome data are now available for phylogenetically diverse

eukaryotes so that this study could search SMC homologs

in a much broader diversity of eukaryotes than Cobbe and

Heck (2004). We subjected 59 species, which represent all of

the currently recognized major branches in the tree of eukar-

yotes plus “orphan” species. Fortunately, the search con-

ducted in this study confirmed the ubiquity of SMC1–6

among eukaryotes (fig. 1). We firmly conclude that the six

SMC subfamilies had already existed in the genome of the

LECA and the LECA most likely used cohesin, condensin, and

the SMC5/6 complex for the maintenance of chromosomes.

Besides SMC1–6, non-SMC proteins (accessory subunits)

comprise cohesin, condensin, and the SMC5/6 complex but

their phylogenetic distributions have not been examined prior

to this study. We searched for Rad21/Scc1 and STAG1/Scc3 in

cohesin, CP-D2, CAP-G, and CAP-H in condensin, and Nse1–

4 in the SMC5/6 complex, in the 59 species in this study

(supplementary fig. S1, Supplementary Material online). Due

to the relatively low conservation at the amino acid sequence

level, the search of the accessory subunits was less successful

than that of the SMC proteins with highly conserved se-

quence motifs for ATP-binding. Nevertheless, we found the

accessory subunits across the tree of eukaryotes. The phylo-

genetic analysis of the kleisin superfamily, namely Rad21/

Scc1, CAP-H, Nse4, and ScpA in bacteria and archaea, sug-

gested that the eukaryotic kleisins share a common ancestry

(supplementary fig. S2, Supplementary Material online). The

results described above suggest that the subunit compositions

of cohesin, condensin, and the SMC5/6 complex of the LECA

were similar to those of modern eukaryotes.
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Although the early emergence of cohesin, condensin, and

the SMC5/6 complex in the eukaryotic evolution (see above),

we unveiled the secondary losses of SMC5 and SMC6 on sep-

arate branches in the tree of eukaryotes. By combining the

survey of SMC1–6 in the 59 phylogenetically diverse eukaryotes

plus additional 42 species, we propose that secondary loss of

SMC5 and SMC6 occurred in 1) the common ancestor of kinet-

oplastids and diplonemids, 2) that of dinoflagellates and per-

kinsids, 3) that of ciliates, and 4) on the branch leading to the

chrompodellid C. velia (fig. 2A and B). Importantly, our results

imply that the SMC5/6 complex is not absolutely indispensable

for cell viability. If so, extra eukaryotic groups/species lacking

SMC5 and SMC6 likely have been overlooked among those

of which large-scale sequence data are currently not available,

and novel ones that are currently unknown to science.

Multiple Origins of Eukaryotic SMC Subfamilies

The majority of bacteria and archaea possess a single type of

SMC, suggesting that the two identical SMC proteins form a

homodimeric complex (Soppa 2001). In contrast, eukaryotes

possess the six SMC subfamilies to constitute the three distinct

heterodimeric complexes, with exception of some lineages

lacking SMC5 and SMC6 (see above). It has been assumed

Table 1

AU test assessing the phylogenetic relationship among SMC1–6

Tree No. SMC1–6 are Monophyletic (M)/

Paraphyletic (P)

Difference in Log-Likelihood P value

0 (ML) P (�134,613.1493) —

1 P 16.861 0.0329

2 P 23.585 0.0283

3 P 25.329 0.0934

4 P 33.763 0.0294

5 P 44.061 0.00490

6 P 80.990 1.92� 10�6

7 M 112.12 3.49� 10�35

8 P 3.8136 0.418

9 P 19.139 0.00879

10 P 32.635 0.00396

11 P 43.095 0.00243

12 P 63.843 0.0170

13 P 65.349 0.0174

14 M 62.522 0.00961

Asgard

AsgardTACK
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A B
(80)

canonical SMC5/6
-related

113

66
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2 1 1

125
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36
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environmental
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FIG. 5.—Taxonomic classification of the archaeal species/metagenomes encoding 512 SMC homologs retrieved from the GenBank database. (A) aSMC

homologs that showed no phylogenetic affinity to SMC5 and SMC6 (“canonical aSMC”; see the main text). (B) aSMC homologs related to SMC5 and SMC6

(“SMC5/6-related aSMC”; see the main text). The taxonomic classification was followed by the NCBI Taxonomy database.
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that the SMC subfamilies in eukaryotes emerged from a single

ancestral SMC through multiple rounds of gene duplication

followed by functional divergence (Cobbe and Heck 2000,

2004). To retrace how the repertory of the SMC subfamilies

has been shaped prior to the emergence of the LECA, the

phylogenetic relationship of the SMC subfamilies in Bacteria,

Archaea, and Eukaryota is critical.

To phylogenetically examine the evolution of SMC in the

three domains of Life, SMC-related proteins (e.g., Rad50/

SbcC), which had been present prior to the three domains,

are indispensable as the outgroup. If all of the six SMC sub-

families in eukaryotes emerged from a single ancestral SMC

protein, the monophyly of SMC1–6 should be recovered by

excluding the bacterial and archaeal homologs in the rooted

SMC phylogeny. Curiously, as shown in figure 3A, the clade

of SMC1–4 and the SMC5þ 6 clan were separated from each

other by the bacterial and aSMC homologs plus the outgroup

sequences. It is noteworthy that particular archaeal homologs

showed an intimate phylogenetic affinity to SMC5 and SMC6

(highlighted by a star in fig. 3A; see below). The exclusion of

extremely long branches, that of the outgroup sequences, or

recoding of the 20 amino acids into four bins introduced es-

sentially no change in the distant relationship between

SMC1–4 and SMC5 and SMC6, suggesting that LBA artifacts,

if exist, were negligible in the SMC phylogeny (figs. 3A and B

and 4A; and supplementary figs. S4–S6, Supplementary

Material online). Moreover, an AU test rejected the alternative

trees bearing the monophyly of SMC1–6 at a 1% a-level

(Trees 7 and 14; fig. 4B and table 1). Thus, we conclude

that the clade of SMC1–4 and that of SMC5 and SMC6 un-

likely grouped together directly, regardless of the presence/

absence of the outgroup. Overall, the results described above

consistently and strongly suggest the aSMC homolog most

closely related to SMC1–4 is distinctive from that most closely

related to SMC5 and SMC6. Here we propose that SMC1–4

and SMC5 and SMC6 were derived separately from the ca-

nonical aSMC and SMC5/6-related aSMC, respectively.

SMC Evolution in Archaea and Eukaryota

The SMC phylogeny suggested that SMC1–4 and SMC5 and

SMC6 emerged from distinct aSMC homologs (see above), so

that the diversity and evolution of SMC in Archaea and those

in Eukaryota are intimately related to each other. Our survey

of the SMC homologs in Archaea suggested that the two

distinct aSMC homologs, namely canonical and SMC5/6-

related aSMC homologs, existed prior to the divergence of

major lineages in Archaea (fig. 6A). We here propose a mas-

sive number of secondary losses of one of the two aSMC

homologs in the evolution of Archaea, resulting in only a mi-

nor fraction of the modern archaea keeping both homologs.

In the archaea bearing both canonical and SMC5/6-related

aSMC homologs, the two proteins likely constituted two dis-

tinct homodimeric SMC complexes, rather than a single

heterodimeric complex. The loss of one of the two SMC pro-

teins likely occurred frequently in the tree of Archaea but, if

the redundancy in SMC complexes existed, should not have

resulted in severe damage to the cell viability.

The first eukaryote likely emerged from one of the archaeal

lineages, which retains both canonical and SMC5/6-related

aSMC homologs. Unfortunately, the SMC sequence data

had no sufficient phylogenetic resolution to pinpoint the pre-

cise species/lineage whose aSMC homologs gave rise to

SMC1–4 and SMC5 and SMC6 in the LECA. The difficulty

in resolving deep splits in the SMC phylogeny likely stems

from the large difference in tempo and mode of amino acid

substitution among the SMC sequences in Eukaryota and

Archaea. Nevertheless, considering our current belief of the

Asgard origin of Eukaryota (Zaremba-Niedzwiedzka et al.

2017; Williams et al. 2020), it is reasonable to nominate the

canonical and SMC5/6-related aSMC proteins in a member of

the Asgard group as the ancestral molecule of SMC1–4 and

that of SMC5 and SMC6 in the LECA (and its descendants). To

bridge the gap in the repertory of SMC between Archaea and

Eukaryota, we here introduce that the “primordial

eukaryote,” which existed prior to the LECA and used at least

three distinct SMC proteins, 1) the ancestral protein for SMC1

and SMC4, 2) that for SMC2 and SMC3, and 3) that for

SMC5 and SMC6 (henceforth designated as “SMC1=4,”

“SMC2=3,” and “SMC5=6,” respectively; fig. 6B). SMC1=4 and

SMC2=3 were yielded by a single duplication of the canonical

aSMC gene followed by functional divergence (a diamond in

fig. 6B), whereas SMC5=6 was the direct descendant of SMC5/

6-related aSMC homologs. The primordial eukaryote likely

possessed two SMC complexes, one is a heterodimeric com-

plex constituted by SMC1=4 and SMC2=3 and the other is a

homodimeric complex of two SMC5=6 proteins. Then, two

separate but concomitant gene duplications followed by func-

tional divergence generated SMC1–4 (diamonds in fig. 6B)

yielding two heterodimeric SMC complexes (i.e., cohesin

and condensin) in the LECA. The duplication of the gene

encoding SMC5=6 followed by function divergence was also

required to yield the third heterodimeric SMC complex (i.e.,

SMC5/6 complex) en route from the primordial eukaryote to

the LECA.

Conclusions

In this study, we reexamined the ubiquity and evolution of

the six eukaryotic SMC subfamilies based on the transcrip-

tome and genome data accumulated from phylogenetically

diverse eukaryotes. The survey of SMC sequences con-

ducted in this study confirmed the ubiquity of SMC1–6 in

eukaryotes (fig. 1). Significantly, we here revealed two

novel aspects of the SMC evolution in eukaryotes. First,

we identified multiple secondary losses of SMC5 and

SMC6 in the tree of eukaryotes (fig. 2A and B), questioning

their absolute necessity for cell viability. Second, we
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noticed that SMC5 and SMC6, and SMC1–4 were most

likely derived from distinct ancestral molecules in Archaea

(figs. 3A and B and 4A and table 1). We finally proposed

that the first eukaryote inherited two distinct SMC homo-

logs from an archaeon (likely a member of the Asgard

group) and then two separate but concomitant duplica-

tions of one of the two SMC genes to yield SMC1–4,

whereas SMC5 and SMC6 emerged through a single du-

plication of the other SMC gene (fig. 6A and B).

Materials and Methods

Surveys of SMC Proteins in Eukaryota

To examine the ubiquity of SMC1–6 in eukaryotes, we

searched for SMC amino acid sequences in 59 phylogeneti-

cally diverse species. For 36 out of the 59 eukaryotes, the SMC

sequences were searched for in NCBI GenBank nonredundant

(nr) protein sequences database by BLASTP (Camacho et al.

2009). For the rest of the 23 eukaryotes, the SMC sequences

were retrieved from the corresponding transcriptome data.

The searches against the GenBank nr database and those

against the contig data assembled from the transcriptome

data are separately explained below.

For each of the 36 species, a BLASTP search was conducted

by using the amino acid sequences of human SMC homologs

as queries (GenBank accession numbers are Q14683 for

SMC1, O95347 for SMC2, Q9UQE7 for SMC3, Q9NTJ3 for

SMC4, Q8IY18 for SMC5, and Q96SB8 for SMC6). The amino

acid sequences, which showed high similarity to the human

SMC1–6 in the initial BLAST analyses, were subjected to re-

ciprocal BLASTP against the GenBank nr protein database.

We retained the sequences, which showed similarities to

the SMC sequences deposited in the database in the second

BLAST analysis, as the candidates for the SMC sequences.

For the 23 eukaryotes, we downloaded their transcriptome

data from NCBI Sequence Read Archive (Sayers et al. 2020) to

identify the transcripts encoding SMC proteins. The raw se-

quence reads were trimmed by fastp version 0.20.0 (Chen

et al. 2018) with “-q 20 -u 80” option and then assembled

by Trinity version 2.8.5 or version 2.10.0 (Grabherr et al.

2011). The candidate sequences of SMC proteins were re-

trieved from the assembled data by TBLASTN with human

SMC1–6 as queries followed by reciprocal BLASTP against

the GenBank nr protein database.

If a subset of SMC1–6 were not detected in the surveys

described above, we switched the queries from the human

primoridal
eukaryote LECA modern

eukaryotes

SMC¹/�

SMC²/�

SMC5/�

SMC3

SMC2

aSMC
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A SMC evolution in Archaea SMC evolution in EukaryotaB
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FIG. 6.—A scenario for the evolution of SMC in Archaea and Eukaryota. (A) SMC evolution in Archaea. We assume that the ancestral archaeon

possessed two distinct types of SMC, one is shared the majority of modern archaea and ancestral to SMC1–4 in eukaryotes (labeled as “canonical”; colored

in dark red) and the other is found in a restricted set of modern archaea and closely related to SMC5 and SMC6 in eukaryotes (labeled as “SMC5/6-related”;

colored in pale blue). The two types of SMC emerged by the duplication of a SMC gene in the ancestral archaeon (shown by a diamond) and were inherited

to major archaeal lineages and the primordial eukaryote which is closely related to the Asgard group. As demonstrated in the circle, parallel secondary losses

of one of the two aSMC homologs occurred during the divergence of each archaeal lineage. Closed and open arrowheads represent the loss of SMC5/6-

related aSMC and that of the canonical aSMC, respectively. (B) SMC evolution in Eukaryota. We hypothesize that SMC1–6 in modern eukaryotes (the right

column) were descended from the LECA (the center column). Because of the phylogenetic affinity between SMC1 and SMC4 and that between SMC2 and

SMC3 (see fig. 3A), the ancestral molecule for SMC1 and SMC4 and that for SMC2 and SMC3 may have existed in the primordial eukaryote (“SMC1=4” and

“SMC2=3”; the left column). Prior to the LECA, two separate gene duplication events followed by functional divergence (shown by diamonds) yielded SMC1–

4. We assume that one of the two aSMC homologs (i.e., “canonical” SMC) gave rise to SMC1=4 and SMC2=3 via gene duplication followed by functional

divergence (shown by a diamond). In addition to SMC1=4 and SMC2=3, the primordial eukaryote likely possessed “SMC5=6,” which was derived from an

SMC5/6-related aSMC in Archaea. During the transition from the primordial eukaryote to the LECA, SMC5=6 diverged into SMC5 and SMC6 via gene

duplication followed by functional diversification (shown by a diamond).
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homologs to those sampled from the close relatives of the

target organisms and repeated the BLAST survey.

The search of SMC proteins in the 59 eukaryotes revealed

the secondary losses of SMC5 and SMC6 in phylogenetically

distinct taxonomic groups, namely kinetoplastids, dinoflagel-

lates plus Perkinsus marina, ciliates, and C. velia (see the

Results). Thus, we additionally assessed the repertories of

SMC1–6 in the phylogenetic relatives of the above-

mentioned species (42 species in total). For most of the 42

species, only transcriptomic data were available. Thus, the

survey of SMC sequences against the transcriptome data

was repeated as described above. For the additional survey

of SMC1–6 in Euglenozoa including kinetoplastids, diplone-

mids, and euglenids, we used two sets of queries, namely

human SMC1–6 and N. fowleri SMC1–6. Likewise, V. brassi-

caformis SMC1–6, together with the human homologs, were

used as queries for the additional survey in Alveolata including

apicomplexans, chromopodellids, dinoflagellates, and ciliates.

Surveys of SMC Proteins in Archaea and Bacteria

The amino acid sequences of bacterial and aSMC homologs

were retrieved from the GenBank refseq and nr protein data-

bases, respectively (see below). First, we searched for the ar-

chaeal proteins belonging to the SMC superfamily by using

BLASTP (taxid¼ 2157; max_target_seq¼ 50,000). The con-

served N- and C-terminal portions of the following sequences

were subjected separately to BLASTP analyses as the queries;

human SMC1–6, a single bacterial SMC (WP_045231317.1),

three aSMCs (TFG22733.1; AAB89690.1; WP_148681221.1),

a single MukB (NWA44283.1), a single SbcC (OYY36098.1),

and a single RecN (WP_187956897.1). We pooled the

GenBank entries matched to the individual queries mentioned

above with E-values smaller than 10�5 in the initial set of

BLASTP analyses and further selected the entries, of which

sequence lengths ranged between 500 and 1,500 amino

acid residues. After dissolving the redundancy in the

GenBank entries retrieved by the BLASTP analyses with the

multiple queries (see above), we obtained 2,363 entries that

cover the entire proteins belonging to the SMC superfamily.

Then, the amino acid sequences of the selected entries were

subjected to CD-HIT with “-c 0.6” option to reduce the re-

dundancy at the amino acid sequence level, leaving 559

sequences for a preliminary phylogenetic analysis. The 559

aSMC candidate sequences were aligned with the previously

identified SMC sequences in Eukaryota, Archaea, and

Bacteria, as well as RecN, MukB, and Rad50/SbcC sequences

(for the details of the alignment preparation, see below). We

removed the alignment positions corresponding to the coiled-

coil portion manually and trimmed the positions including

gaps by trimAl with “-gt 0.8” option. The alignment of 621

sequences including the 559 aSMC candidates was phyloge-

netically analyzed with the ML method with the LGþCþ Iþ F

model by IQ-TREE version 1.6.12 (Nguyen et al. 2015). Based

on the preliminary phylogenetic analysis, 36 out of the 559

aSMC candidates appeared to be Rad50, MukB, or RecN. The

phylogenetic analysis also grouped 11 aSMC candidates

tightly with the bacterial SMC homologs. Thus, we regarded

the remaining 512 sequences as the genuine aSMC homo-

logs. We finally selected 63 sequences, which represent the

SMC diversity in Archaea, from the 512 sequences identified

by the above-mentioned procedure, together with the previ-

ously identified sequences. The accession numbers of the 512

aSMC amino acid sequences are summarized in a spreadsheet

file supplied as a part of Supplementary Material online.

To retrieve diverse bacterial SMC (bSMC) sequences, we

repeated the BLASP analysis described above against the

refseq protein database (taxid¼ 2; max_target_seq¼ 50,000)

with the same set of queries described above except only

Archaeoglobus fulgidus sequence (AAB89690.1) was consid-

ered as the archaeal aSMC query. A total of 11,534 GenBank

entries, which cover the entire proteins, were retrieved. We

further selected 1,742 sequences by reducing the redundancy

at the amino acid sequence level. The preliminary alignment

of the 1,742 bSMC candidates and previously identified SMC,

RecN, MukB, and Rad50/SbcC sequences (1,871 in total)

were prepared and phylogenetically analyzed as described

above. By assessing the preliminary ML analysis, we excluded

1,299 non-SMC sequences, leaving 443 bSMC homologs.

Finally, 63 sequences, which represent the bSMC diversity,

were selected from the 443 bSMC sequences for the phylo-

genetic analyses (see below).

Surveys of Rad50/SbcC Proteins

Several proteins related to SMC (SMC-related proteins) have

been known in Bacteria, Archaea, and/or Eukaryota. For in-

stance, Rad50 is one of the SMC-related proteins conserved

among the three domains of Life. We retrieved Rad50 amino

acid sequences of 15 eukaryotes and 20 archaea from the

NCBI GenBank nr database by the BLAST search as described

above. The BLAST searches for eukaryotic and archaeal Rad50

were separately conducted with the human and A. fulgidus

homologs (GenBank accession numbers Q92878 and

NC_000917.1) as queries, respectively. The amino acid

sequences of SbcC of 16 bacteria were retrieved from the

GenBank database through keyword searches.

Phylogenetic Analyses

We newly identified the candidate sequences for SMC pro-

teins sampled from phylogenetically broad eukaryotes (see

above). The SMC candidate sequences identified in this study

and together with the previously known SMC sequences (typ-

ically those of animals, fungi, and land plants), were subjected

to the ML phylogenetic analysis with the LGþCþ I model.

This preliminary analysis aimed to filter extremely divergent

sequences and the sequences that could not be classified into

any of the eukaryotic SMC sub-families with confidence. We
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examined the ubiquity of each of the six SMC subfamilies in

eukaryotes based on the filtered SMC sequences (298

sequences in total).

To retrace the evolution of the six SMC subfamilies in

eukaryotes, we further selected 240 SMC sequences contain-

ing both of the two ATP-binding motifs in the N- and C-ter-

mini from the 298 eukaryotic SMC sequences. After the

exclusion of redundant sequences by CD-HIT (Fu et al.

2012), we retained 220 eukaryotic SMC sequences for the

phylogenetic analyses described below. Individual sub-families

of eukaryotic SMC were separately aligned by MAFFT version

7.453 (Katoh and Standley 2013) with the L-INS-I option.

Likewise, 63 bSMC, 63 aSMC, and 51 Rad50/SbcC amino

acid sequences were separately aligned as described above.

The alignments of SMC1–6, bSMC, aSMC, and Rad50/SbcC

sequences were combined into the “SMC/SMC-related”

alignment by MAFFT with “–merge” option. The resultant

alignment contained 35 of SMC1, 41 of SMC2, 37 of

SMC3, 37 of SMC4, 34 of SMC5, and 36 of SMC6 sequences.

Manual exclusion of ambiguously aligned positions, followed

by trimming of gap-containing positions by trimAI version 1.2

(Capella-Guti�errez et al. 2009) with “-gt 0.8” option, left 293

unambiguously aligned amino acid positions in 346 SMC and

51 Rad50/SbcC for the phylogenetic analyses described be-

low. The accession numbers of the amino acid sequences

included in the SMC/SMC-related alignment are summarized

in a spreadsheet file supplied as a part of Supplementary

Material online.

We subjected the SMC/SMC-related alignment to the ML

analysis with the LGþ R9þ FþC60 model to infer the ML

tree and calculate UFBPs. We also conducted a 100-replicate

nonparametric ML bootstrap analysis with the

LGþ R9þ FþC60þ PMSF model (the guide tree was recon-

structed with the ML method with the LGþ R9þ FþC60

model). The ML tree search and nonparametric ML bootstrap

analysis described above were repeated twice, once after ex-

cluding nine extremely long-branch sequences and the other

after excluding all of Rad50/SbcC sequences. The original

alignment was further modified by separating 20 amino

acid characters into four bins containing 1) A, G, N, P, S,

and T (amino acid characters are indicated by the one-letter

code), 2) C, H, W, and Y, 3) D, E, K, Q, and R, and 4) F, I, L, M,

and V to ameliorate substitution saturation (Susko and Roger

2007). The recoded alignment was subjected to the ML tree

search and 100-replicate ML nonparametric bootstrap analy-

sis with the GTRþCþ F model. IQ-TREE version 1.6.12v2.1.2

(Nguyen et al. 2015) was used for all of the ML phylogenetic

analyses described above.

The SMC/SMC-related alignment was also analyzed with

Bayesian method by PhyloBayes version 4.1 (Lartillot et al.

2009) using the CATþGTR model. We ran two Markov chain

Monte Carlo (MCMC) chains for 55,963 cycles and the first

14,000 cycles were discarded as burn-in. Although the indi-

cator of the convergence among the MCMC chains remained

large (maxdiff¼ 0.487909), we found that the two tree to-

pologies of individual MCMC chains agreed to each other

largely. Thus, the consensus tree with branch lengths and

BPPs were calculated from the remaining trees.

We examined whether the six SMC subfamilies in eukar-

yotes are monophyletic by an AU test (Shimodaira 2002) con-

sidering the unrooted ML tree (Tree 0) and 14 alternative trees

(Tree 1–14) as described below. In the unrooted ML tree

(fig. 4A), the clade of SMC1–4 and that of SMC5 and

SMC5 were separated by the SMC homologs of bacteria

and archaea. First, the clade of SMC1–4 was pruned from

the original position in the ML tree and regrafted to the seven

nodes, which separated the two clades of the eukaryotic SMC

subfamilies, to generate seven alternative trees (Trees 1–7; the

upper figure in fig. 4B). Second, the pruning and regrafting of

the clade of SMC5 and SMC6 was repeated to generate

seven alternative trees (Trees 8–14; the lower figure in

fig. 4B). We calculated site-wise log-likelihoods (site-lnLs)

over each of Trees 0–14 and the resultant site-lnL data were

subjected to an AU test. We applied the same substitution

model, which was used for the unrooted ML phylogenetic

analyses, to the site-lnL calculation (see above). The site-lnL

calculation and AU test were implemented in IQ-TREE version

2.1.2 (Nguyen et al. 2015).

The 512 aSMC sequences retrieved from the GenBank (see

“Surveys of SMC proteins in Archaea and Bacteria”) were

aligned with 20 archaeal Rad50 sequences and 263 unam-

biguously aligned amino acid positions were subjected to the

phylogenetic analysis described below. The ML tree with

UFBPs was reconstructed from this “archaeal SMC/Rad50

alignment” with the LGþCþ FþC20 model. The details

of the preparation of the alignment and ML phylogenetic

analysis are the same as described above.

Analyses of Accessory Subunits of the SMC Complexes in
Eukaryotes

Cohesin contains two accessory subunits Rad21/SCC1 and

STAG1/SCC3, together with SMC1 and 3, whereas SMC2

and 4 interact with CAP-H, CP-D2, and CAP-G to constitute

condensin. Nse1, Nse2, Nse3, Nse4, Nse5, and Nse6 are

known to participate in the SMC5/6 complex. We searched

for the accessory subunits in cohesin, condensin, and the

SMC5/6 complex in the 59 eukaryotes. For the subunits of

the SMC5/6 complex, only Nse1–4 were searched for in this

study, because the amino acid sequences of Nse5 and Nse6

were little conserved amongst eukaryotes (Diaz and Pecinka,

2018). The BLAST searches of the aforementioned proteins

were conducted as described above. The human homologs

are used as the queries in the surveys described above; Rad21/

SCC1 (GenBank accession number O60216), STAG1/SCC3

(Q8WVM7), CAP-H (Q15003), CAP-D2 (Q15021), CAP-G

(Q9BPX3), Nse1 (Q8WV22), Nse2 (Q96MF7), Nse3

(Q96MG7), and Nse4 (Q9NXX6).
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We aligned 126 amino acid sequences belonging to the

kleisin superfamily (i.e., 39 Rad21/Scc1, 33 CAP-H, 26 Nse4,

12 archaeal ScpA, and 16 bacterial ScpA sequences) as de-

scribed above. After the exclusion of ambiguously aligned

positions (see above), the alignment was subjected to the

ML analysis with the LGþCþ I model. UFBP support values

were calculated from 1,000 replicates.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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