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Abstract

Casposons are a superfamily of putative self-synthesizing transposable elements that are predicted to employ a homolog of Cas1
protein as a recombinase and could have contributed to the origin of the CRISPR-Cas adaptive immunity systems in archaea and
bacteria. Casposons remain uncharacterized experimentally, except for the recent demonstration of the integrase activity of the Cas’
homolog, and given their relative rarity in archaea and bacteria, original comparative genomic analysis has not provided direct
indications of their mobility. Here, we report evidence of casposon mobility obtained by comparison of the genomes of 62 strains
of the archaeon Methanosarcina mazei. In these genomes, casposons are variably inserted in three distinct sites indicative of multiple,
recent gains, and losses. Some casposons are inserted into other mobile genetic elements that might provide vehicles for horizontal
transfer of the casposons. Additionally, many M. mazei genomes contain previously undetected solo terminal inverted repeats that
apparently are derived from casposons and could resemble intermediates in CRISPR evolution. We further demonstrate the sequence
specificity of casposon insertion and note clear parallels with the adaptation mechanism of CRISPR-Cas. Finally, besides identifying

additional representatives in each of the three originally defined families, we describe a new, fourth, family of casposons.
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Introduction

The genomes of most bacteria, archaea, and eukaryotes con-
tain multiple, integrated mobile genetic elements (MGEs),
such as transposons, proviruses, and integrative plasmids. In
many eukaryotes, in particular plants, the MGE-derived se-
guences comprise the majority of the genomic DNA. Most
of these elements are “dead,” that is, inactive and disrupted
to various extents (Kazazian 2004; Venner et al. 2009; Tollis
and Boissinot 2012). The MGEs are less abundant in archaea
and bacteria, conceivably due to the intense purifying selec-
tion that constrains the spread of selfish elements but never-
theless constitute up to 30% of some bacterial genomes
(Casjens 2003; Carle et al. 2010). The MGE insertion can be
deleterious when an element disrupts an essential host gene,
nearly neutral when it inserts into an intergenic region or a
nonessential gene, or beneficial to the host, through the gain
of new phenotypes, such as antibiotic resistance or toxin pro-
duction (Roberts and Mullany 2009; Cambray et al. 2010;
Carle et al. 2010; Hua-Van et al. 2011).

Transposons are a major type of MGE that move from one
location in the host genome to another. Transposons are nat-
urally divided into two classes (Wicker et al. 2007; Kapitonov
and Jurka 2008; Hua-Van et al. 2011; Piégu et al. 2015). Class
I includes retrotransposons which transpose via an RNA inter-
mediate that prior to integration is converted into the DNA
form by the transposon-encoded reverse transcriptase. Class Il
consists of DNA transposons that are mobilized via the cut-
and-paste mechanism, that is, excision of the transposon from
its initial location and insertion into a new genomic locus. The
excision and insertion are catalyzed by an element-encoded
transposase (or by a transposase supplied by another element,
in the case of nonautonomous transposons) and typically re-
quire terminal inverted repeats (TIR) that flank the transposon.
Class Il transposons show remarkable diversity with respect to
the specific mechanisms of transposition, the identity of the
transposase, the element size, and gene content (Jurka et al.
2007; Wicker et al. 2007; Hua-Van et al. 2011; Piégu et al.
2015). Most transposases belong to the DDE superfamily,
named after the amino acid residues that form the catalytic
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triad (Rice and Baker 2001; Wicker et al. 2007; Hua-Van et al.
2011), but some transposons possess transposases homolo-
gous to the rolling-circle replication initiation endonucleases
(llyina and Koonin 1992; Chandler et al. 2013; Krupovic
2013), phage integrase-like tyrosine recombinases (Goodwin
et al. 2003; Goodwin and Poulter 2004), or serine integrases/
invertases (Boocock and Rice 2013).

A distinct group of Class Il elements that is widespread in
diverse unicellular and multicellular eukaryotes includes large
(15-20kb), self-synthesizing DNA transposons, known as
Mavericks or Polintons (Kapitonov and Jurka 2006;
Feschotte and Pritham 2007; Pritham et al. 2007). These trans-
posons encode their own protein-primed family B DNA poly-
merase that is implicated in the transposon replication
(Kapitonov and Jurka 2006). In addition, Polintons encode
several homologs of viral proteins that perform key functions
in virion morphogenesis, namely the genome packaging
ATPase and capsid maturation protease, and as recently
shown, also major and minor capsid proteins (Krupovic et al.
2014a). Thus, these elements (that perhaps more appropri-
ately could be denoted polintoviruses) combine features of
viruses and transposons (Krupovic and Koonin 2015), al-
though their virions and the conditions that trigger the pre-
dicted switch to the virus life style remain to be identified.
Polintons have apparently played a key role in the emergence
of several groups of eukaryotic DNA viruses and plasmids
(Koonin et al. 2015; Krupovic and Koonin 2015).

Until recently, Polintons remained the only known (su-
penfamily of self-synthesizing transposons. However, in the
course of an in depth investigation of bacterial and archaeal
genomic neighborhoods that contain homologs of the
cas’ gene (Makarova et al. 2014), a key component of the
CRISPR-Cas adaptive immunity systems (Makarova et al. 2011,
2015), we identified a novel superfamily of predicted self-
synthesizing transposons that we named casposons
(Krupovic et al. 2014b). The homolog of the Cas1 protein
encoded by these elements is predicted to function as a trans-
posase. Indeed, the series of reactions that is catalyzed by the
Cas1 protein during the adaptation (spacer acquisition) phase
of the CRISPR-Cas response is closely analogous to transposi-
tion (Nunez et al. 2014, 2015; Rollie et al. 2015). Recently, the
integrase activity of the Cas1 homolog (also referred to as
casposase) encoded by a casposon from the archaeon
Aciduliprofundum boonei has been demonstrated experimen-
tally (Hickman and Dyda 2015a). Notably, the integration was
accompanied by generation of characteristic target site dupli-
cations (TSDs), fully consistent with our original prediction
(Krupovic et al. 2014b).

The discovery of the casposons and phylogenetic analysis of
Cas1 prompted an evolutionary scenario under which a cas-
poson was the ancestor of the adaptation module of CRISPR-
Cas systems, having contributed cas? and possibly additional
genes, whereas the TIR of that ancestral element gave rise to
CRISPR repeats (Koonin and Krupovic 2015a). This scenario is

closely parallel to the proposed scheme for the origin of the
vertebrate adaptive immunity systems that involves a distinct
family of Transib transposons (Kapitonov and Jurka 2005;
Kapitonov and Koonin 2015), suggesting that in the evolu-
tionary arms race between pathogens and hosts, transposons
are regularly recruited as assault weapons for cellular defense
(Koonin and Krupovic 2015b).

The casposons have been identified in a relatively small
number of archaeal and only a handful of bacterial genomes.
In the absence of direct experimental evidence, the original
comparative genomic analysis provided no specific evidence
that any of the casposons were active MGE. Here, we update
the genomic census of the casposons and take advantage of
the expanding collection of microbial genomes to analyze the
distribution of these elements in 62 strains of the archaeon
Methanosarcina mazei. The results of this analysis reveal
recent mobility of the casposons and yield additional clues
for the casposon involvement in the evolution of CRISPR-Cas.

Materials and Methods

All genome sequences were downloaded from the NCBI se-
guence database. For comprehensive identification of cas7?
genes, the TBLASTN program with the E-value cutoff of
0.01 and low complexity filtering turned off (Altschul et al.
1997) was used to search the NCBI WGS (whole-genome
short gun contigs) database using the Cas1 profile
(Makarova and Koonin 2015) as the query. Protein sequences
were searched against the nonredundant sequence database
at the NCBI using PSI-BLAST (Altschul et al. 1997; Marchler-
Bauer et al. 2013) and HHpred (Soding et al. 2006). Inverted
and direct repeats flanking the casposons were analyzed using
Unipro UGENE (Okonechnikov et al. 2012). Casposons were
compared to each other and visualized using EasyFig (Sullivan
et al. 2011). Multiple alignments of protein sequences were
constructed using MUSCLE (Edgar 2004). Phylogenetic analy-
sis was performed using the FastTree program with the WAG
evolutionary model and the discrete gamma model with 20
rate categories (Price et al. 2010).

Results

Identification of New Casposons in Genomic Databases

In order to further explore the properties and taxonomic dis-
tribution of casposons, we analyzed available genomic data-
bases for the presence of genes coding for casposon-specific
variant of Cas1 endonuclease. As a result, 52 new cas’ genes
most similar to those present in previously identified casposons
were identified (supplementary file S1, Supplementary
Material online). Half of these genes were present within
short genomic fragments or at the termini of genomic contigs,
precluding delineation of the complete or near-complete cas-
posons. The remaining 26 Cas1 proteins were encoded within
genomic regions that exhibited all features of casposons,
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including TIR and, in all but two cases, TSD (supplementary file
S2, Supplementary Material online). Phylogenetic analysis of
the Cas1 proteins indicated that the newly identified elements
represented all three previously defined casposon families
and, in addition, revealed a new Cas1 clade which forms a
sister group to Cas1 from family 2 casposons (fig. 1).

The newly detected family 1 casposons include two ele-
ments, NitAR-C2 and NitAR-C3, from thaumarchaeon
Nitrosopumilus sp. AR. These two elements are closely related
to the previously described casposons of Nitrosopumilus, in
particular NitAR1-C1 of Candidatus Nitrosopumilus koreensis
AR1, but differ considerably from NitAR-C1 which we have
previously identified in the genome of Nitrosopumilus sp. AR
(Krupovic et al. 2014b). Thus, Nitrosopumilus sp. AR appears
to contain three distinct family 1 casposons. The only other
known organism which contains three (family 2) casposons is
Methanococcoides burtonii DSM 6242 (Krupovic et al.
2014b). However, in Methanoc. burtonii, the casposons lack
TIRs and TSDs and some of the core genes are fragmented,
suggesting that these elements are inactive. In contrast, all
three casposons of Nitrosopumilus sp. AR are flanked by
TIRs and contain apparently intact genes, suggesting that
these are functional elements.

The majority of the new casposons (20) belong to family 2,
the most abundant of the three originally defined families that
is dominated by casposons from methanogenic archaea
(Krupovic et al. 2014b). All new family 2 elements are from
different  members of the euryarchaeal order
Methanosarcinales (supplementary file S2, Supplementary
Material online). Family 3 includes bacterial casposons; four
new representatives of this family were identified in the ge-
nomes of Henriciella marina DSM 19595, Hyphomonas sp.
CY54-11-8, Streptomyces albulus PD-1, and Citromicrobium
bathyomarinum JL354. The latter bacterium belongs to the
order Sphingomonadales (class Alphaproteobacteria), which
until now has not been known to carry casposons.

Besides the Cas1 endonuclease, all new casposons contain
other conserved genes characteristic of their respective fam-
ilies. Family 1 casposons encode protein-primed family B DNA
polymerases (PolB), whereas those of families 2 and 3 contain
genes for RNA-primed PolBs (Krupovic et al. 2014b). In ad-
dition, all family 2 casposons encompass a conserved set of
genes encoding two helix-turn-helix proteins and an HNH
endonuclease. Other notable functions encoded by noncon-
served casposon genes include bacterial retrotransposon/
retron-like reverse transcriptase (cd03487; Met2HT1A3-
C1); ATP-dependent 26S proteasome regulatory subunit
(CitBat-C1); transglutaminase (Met2HT1A3-C2); SGNH
hydrolase, adenylyltransferase and glycosyltransferase
(HenMar-C2); ParB/RepB/Spo0J family protein involved in
plasmid partitioning and a serine resolvase (HypCY54-C1);
AbiF-like abortive infection system protein (Met2HA1B4-
C2); RES (Met2HT1A3-C1) and HEPN (Met2HA1B4-C1)
domain proteins; tetratricopeptide (MetMaz1FA1A3-C1);

and pentapeptide (MetMazS6-C1) repeat proteins. These
functions further expand the already rich pangenome of
the casposons. However, the roles of these genes in the
propagation of casposons remain enigmatic.

Integration Target Sites

According to the proposed mechanism, Cas1-mediated
casposon integration (referred to as casposition) results in stag-
gered cut within the target site. Subsequently, the single-
stranded overhangs are fill-in repaired resulting in duplication
of the target site. Identification of the TSDs thus helps to pin-
point the location within the genome that was recognized and
cut by the Cas1 endonuclease. Analysis of the TSD locations
showed that, consistent with previous results, casposon integra-
tion targets can be broadly categorized into three groups: 1)
intergenic regions, 2) tRNA genes, and 3) a protein-coding gene.

All bacterial casposons (family 3) are inserted within inter-
genic regions. Thaumarchaeal casposon NitAR-C2 (family 1)
has targeted the 3'-distal region of the gene encoding trans-
lation elongation factor akF-2, as previously observed for other
thaumarchaeal casposons (Krupovic et al. 2014b). In contrast,
family 2 casposons are integrated either into intergenic re-
gions or into the 3'-distal region of tRNA genes. Two non-
orthologous tRNA-Leu genes are targeted in different species
of Methanosarcina, one in various strains of M. mazei and the
other in Methanosarcina sp. 2.HT.1A.15, 2HT.1A3,
2.HT.1A.6 and 2.H.T.1A.8 (the four strains contain identical
casposons; supplementary file S2, Supplementary Material
online).  Notably, Methanosarcina sp. 2.HT.1A.15,
2HT1A3, 2HT.1A6, and 2.H.T.1A.8 contain two closely
related casposon copies that are located adjacent to each
other and are separated only by a shared TSD sequence
(fig. 2). This arrangement suggests that the same target site
was utilized twice, resulting in an array of tandemly integrated
elements. In all cases, one of the two adjacent copies was
apparently inactivated based on the fact that the gene encod-
ing for DNA polymerase contained multiple internal stop
codons. Such repeated integration into the same target site
(out of all possible positions in the genome) suggests that
casposition occurs in a sequence-specific manner, as opposed
to random target selection. This apparent specificity is remi-
niscent of the transposition of bacterial transposon Tn7 where
multiple elements, some of which are inactivated, accumulate
within the same locus, leading to the formation of genomic
islands (Parks and Peters 2009).

Methanosarcina sp. 2.H.A.1B.4 also contains two tandemly
integrated casposons (Met2HA1B4-C1 and Met2HA1B4-C2).
The two elements, both of which appear to be intact, are
related to each other as well as to the casposons found in
Methanosarcina sp. 2.H.T.1A.3, 2.H.T.1A.15, 2.H.T.1A.6, and
2.H.T.1A.8. Both groups of elements are flanked by nearly
identical TSDs (fig. 2). However, in the 2.H.A.1B.4 strain, the
casposons are integrated not into the tRNA-Leu gene but into
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00r407464693 Candidatus Nitrosopumilus sp AR2
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515506733 Nitrosopumilus sp AR

407462288 Candidatus Nitrosopumilus koreensis AR1
Nitrosopumilus sp AR 57671 58684

961 Nitrosopumilus sp AR 52968 54011

518007794 Methanomassiliicoccus luminyensis

289596068 Aciduliprofundum boonei T469

99 147921327 Methanocella arvoryzae MRE50
432331395 Methanoregula formicica SMSP

294495965 Methanohalophilus mahii DSM 5219
91772613 Methanococcoides burtonii DSM 6242
99

7SL Methanococcoides methylutens 231501 232706
91772605 Methanococcoides burtonii DSM 6242
91772593 Methanococcoides burtonii DSM 6242
97p—410669394  Methanolobus psychrophilus R15
-Q-‘_E564601588 Methanolobus tindarius
Methanosarcinasp 2H T 1A 15 23637 24854
Methanosarcinasp 2H T 1A 3 33655 34872
Methanosarcinasp 2HT1A6 9200 10417
Methanosarcinasp 2HT1A8 106331 107548
Methanosarcinasp 2HA 1B 4 3668 4885
Methanosarcinasp 2H T 1A 15 13355 14572
Methanosarcinasp 2HT1A3 23373 24590
Methanosarcinasp 2HT 1A6 19482 20699
|| | \Methanosarcinasp 2HT 1A8 96049 97266
97| | Methanosarcina mazei strain 1 HA0 1 29409 30626
Methanosarcina mazei strain 3HA2 5 46807 48024
Methanosarcina mazei strain 3H T 1A2 16444 17661
Methanosarcina mazei strain 3HA 1A 2 12027 13244
Methanosarcina mazei strain 3H T 1A1 71968 73185
90]lf Methanosarcina mazei strain 1 FA 1B 3 69383 70600
Methanosarcina mazei strain 1 FA 1B 4 88522 89739
Methanosarcina mazei strain 1 FA1A3 184668 185885
21229351 Methanosarcina mazei Go1
Methanosarcina mazei strain 3F A1A1 468 1685
Methanosarcina mazei strain 3HM 1B 1 484 1701
Methanosarcina mazei strain3FA1B 1 5011718
Methanosarcina mazei strain 1THM 0 1 504 1721
Methanosarcina mazei strain 3HM 1B 5 504 1721
Methanosarcina mazei strain 3HM 1B 2 504 1721
Methanosarcina mazei strain 3 F T 1A4 504 1721
Methanosarcina mazei strain 3F T2 1 504 1721
Methanosarcina mazei strain 3 F T 1A2 504 1721
Methanosarcina mazei strain 3F T 1A1 504 1721
Methanosarcina mazei strain 3HA 1A 1 505 1722
Methanosarcina mazei strain 1 HA2 1 7100 8317
73[IMethanosarcina mazei strain SHM 27 6170 7387
Methanosarcina mazei strain 3HA26 6238 7455
Methanosarcina mazei strain 3HA 2 8 6352 7569
Methanosarcina mazei strain 1 HA 1A 4 88905 90122
Methanosarcinasp 2HA1B4 14151 15368
Methanosarcina mazei strain 1 FA1A3 172947 173945
Methanosarcina mazei strain 1 FA 1B 3 76008 77006
Methanosarcina mazei strain 1 FA1B 4 52312 53310
Methanosarcina mazei strain 1 HA2 6 5644 6642
Hyphomonas sp 22Il11 22F38 5873 6982
Henriciella marina DSM 19595 2828309 2829400
Hyphomonas sp CY54 118 193717 194796

97

—

76

516886409 Henriciella marina
325980970 Nitrosomonas sp AL212

374850936 Acetothermus autotrophicum (uncultured)
498380613 Saccharopolyspora spinosa
514436645 Streptomyces albulus

95 Streptomyces albulus PD 1 45470 46519

il CRISPR-Cas I-B

CRISPR-Cas Ill

CRISPR-Cas |-D
CRISPR-Cas Ill
CRISPR-Cas Il
CRISPR-Cas I-C

Cas1 solo

il CRISPR-Cas I-F
99 CRISPR-Cas I-C
CRISPR-Cas |-B
sesss— CRISPR-Cas I|

CRISPR-Cas I-A

93

Casposons
Family 1

Casposons
Family 2

Casposons
Family 4

Casposons
Family 3

Outgroup

Fic. 1.—Phylogenetic tree of Cas1. The maximum likelihood tree was constructed using FastTree from a multiple alignment of 116 Cas1 protein
sequences, including 45 Cas1 sequences associated with newly identified casposons (highlighted in purple); 150 phylogenetically informative positions of this
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TSD
A TIR

Met2HA1B4-C1 Met2HA1B4-C2

CGCACTAACCTTTTGGGATATAGGTA
CGCACTAACCTTTTGGGTAATAGGTA
CGCACTAACCTTTTGGGATATAGGTA
CGCACTCTTCTTTTGGGATATAGGTA
CGCACTAAAGTTATGGGATATAGGTA

TSD CGCACTAAAGTTATGGGATATAGGTA

tRNA-Leu | R

Met2HT1A3-C1 Met2HT1A3-C2

TIR TIR

Met2HA1B4-C1

Transglutaminase
Met2HA1B4-C2

glutaminase
Met2HT1A3-C2 > [ > X X X [ >
RT_Bac_retron_lI RES domain
Met2HT1A3-C1 }—D-.—DP_—D—‘
2 kb tblasx
[ ]
27% 100%

Fic. 2.—Comparison of tandemly integrated casposons in different Methanosarcina species. (A) Schematic representation of the genomic loci within
Methanosarcina sp. 2.H.A.1B.4 (top) and Methanosarcina sp. 2.H.T.1A.3 (bottom) containing casposons integrated into the intergenic region and tRNA-Leu
gene, respectively. TIR, TSD, and tRNA gene are depicted with blue triangles, yellow bars, and a red rectangle, respectively. The sequences of the corre-
sponding TSDs are shown in the middle and substitutions with respect to the top sequence are highlighted in red. (8) Comparison of the genome maps of
casposon depicted in panel A. Pairwise tBLASTx hits between casposons are indicated by different shades of gray (the identity scale is included). “X X X"
indicates that the gene is fragmented in Met2HT1A3-C2. TPR, tetratricopeptide; HTH-h, helix-turn-helix protein with a C-terminal HEAT repeat domain;
RT_Bac_retron_lI, retrotransposon/retron-like reverse transcriptase; PolB, family B DNA polymerase; HNH, HNH endonuclease.

an intergenic region within a different genomic locus, strongly basal with respect to those within tRNA-Leu genes (fig. 1).
suggesting that in Methanosarcina casposons have been mo- Further evidence of casposon mobility was obtained in the
bilized relatively recently. In the Cas1 phylogeny, casposons of course of detailed comparative genome analysis of multiple
2.H.A.1B.4 that are integrated within the intergenic region are M. mazei strains as described below.

Fic. 1.—Continued
alignment was used for tree reconstruction. For the outgroup, 52 selected representatives of Cas1 associated with all known CRISPR-Cas systems (Makarova
et al. 2015) were used; branches corresponding to each monophyletic group are collapsed and labeled. Casposon-derived Cas1 sequences are labeled with
protein identification numbers and species names for the subset reported previously (Krupovic et al. 2014b) and by strain name and cas’ gene coordinates in
the respective contig for the new ones (see also supplementary file S1, Supplementary Material online). The bootstrap support values are given as percentage
points and are shown only for branches with >70% support; several key bootstrap values are highlighted in red. The complete tree in the Newick format and
the underlying alignment are available as the supplementary file S5, Supplementary Material online.
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Casposons of M. mazei

We have previously identified one casposon, MetMaz-C1, in
M. mazei Go1, which was integrated within an intergenic
region (Krupovic et al. 2014b). Recently, a large collection of
M. mazei strains isolated from a Columbia River sediment has
been sequenced (56 isolates, averaging <1% nucleotide di-
vergence) (Youngblut et al. 2015), providing a particularly
useful resource for investigating potential (recent) mobility
of integrated elements. This collection was complemented
with the six previously sequenced M. mazei genomes (SarPi,
Lyc, Go1, S-6, WWM610, C16), resulting in a final genomic
dataset from 62 closely related strains. Our analysis shows that
M. mazei strains other than Go1 also contain full-length cas-
posons some of which are closely related or identical to
MetMaz-C1 (supplementary file S2, Supplementary Material
online). Interestingly, however, these elements are inserted
not only into the intergenic region corresponding to the one
occupied by MetMaz-C1 but also into other genomic loci, and
some strains contain more than one casposon. However, none
of the latter strains displayed tandem insertions as in the case
of Methanosarcina spp. described above (fig. 2).

Three distinct casposon-containing loci were identified. In
two of these, casposons were inserted into intergenic regions,
whereas in the third locus, the integration target was within a
tRNA-Leu gene (see supplementary file S2, Supplementary
Material online, for precise coordinates). The intergenic
region containing MetMaz-C1 in M. mazei Go1 is denoted
as IR1, whereas the other one is referred to as IR2. The cas-
posons inserted into IRT and tRNA-Leu genes are closely re-
lated (see below). In contrast, the casposons within IR2
differed considerably in both sequence and the arrangement
of the core casposon genes (figs. 1 and 3). Notably, in phylo-
genetic analysis of Cas1, M. mazei casposons integrated
within IR2 form a sister group to all other known family 2
casposons (fig. 1). Furthermore, these elements, exemplified

tRNA-Leu DDE TPase

MetMazS6-C2

MetMazS6-C1

tRNA-Leu

MetMaz3HT1A1-C1

MetMaz1FA1A3-C2

ZF-C4 REX1-like N
D>

IR2,
MetMaz1FA1A3-C1

by MetMaz1FA1A3-C1 in figure 3, do not contain one of the
family 2 core genes encoding a helix-turn-helix protein with a
C-terminal HEAT repeat domain. Instead, they encode a Zn-
finger protein, a DNA repair REX1-like protein (PF14966;
HHpred, P = 96) and a large (827 aa), tetratricopeptide
repeat-containing protein. Another feature that sets apart
casposons residing within IR2 from those in IR1 and tRNA-
Leu gene is their TIRs, which are considerably longer
(225 bp) than those of other M. mazei casposons (31-59 bp)
(supplementary file S4, Supplementary Material online). On
the basis of the phylogenetic analysis of Cas1 proteins as
well as distinct genomic features described above, we
classify MetMaz1FA1A3-C1-like casposons into a new family
4 (fig. 1).

Casposon Mobility in M. mazei

The results of the systematic analysis of the three loci across all
62 strains were projected on the previously reported M. mazei
core gene phylogeny (Youngblut et al. 2015), revealing a com-
plex evolutionary history of casposons in M. mazei species
(fig. 3). Strikingly, all analyzed M. mazei strains display a ge-
nomic record of casposon encounter, even if not all of these
strains currently contain full-length casposons. Nevertheless,
of the 62 strains, nearly half (28) harbor casposons in at least
one of the three insertion loci. Typically, these elements are
found at the extremities of the genomic contigs and are split
between two contigs, suggesting that casposons are difficult
to assemble, as is often the case with integrated, repetitive
elements (Tang 2007). In 43 strains that did not contain cas-
posons within the IR1 region, we could identify remnants of
the casposons in this region, that is, sequences matching one
of the TIRs, hereinafter referred to as solo-TIRs (fig. 4; supple-
mentary file S3, Supplementary Material online). Notably,
M. mazei SarPi, which occupies the basal position in the
M. mazei phylogenetic tree (fig. 4), contains three solo-TIRs

/ 2kb

[— ]
66% blastn 100%

Fic. 3.—Comparison of casposons integrated into the three different genomic loci of M. mazei. TIR and tRNA genes are depicted with blue triangles and
red rectangle, respectively. Pairwise BLASTNn hits between the casposons are indicated by different shades of gray (the identity scale is included). TPR,
tetratricopeptide; PolB, family B DNA polymerase; HNH, HNH endonuclease; DDE TPase, transposase of the DDE superfamily (named after two aspartate and
one glutamate residues that form the catalytic triad of these enzymes); HTH-h, helix-turn-helix protein with a C-terminal HEAT repeat domain; PPR,

pentapeptide repeat.
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Fic. 4—Distribution of casposons and integrated MGEs within 62 M. mazei strains. The cladogram is based on the M. mazei core gene phylogeny
reported by Youngblut et al. (2015). The genome sequence of the strain TMA was not publicly available; thus, the information on casposon in this strain is
lacking. IR1 (intergenic region 1), IR2, and tRNA-Leu genes correspond to the three sites targeted by casposons. Empty sites are indicated with black boxes;
sites containing casposons are denoted with red boxes, whereas red boxes that are crossed indicate that TIR sequence and several casposon genes were
identified but casposon is incomplete due to termination of the genomic contig (notably, the rest of casposon genes and the second TIR could be typically
found on other contigs); open crossed boxes show that only solo-TIRs, without any casposons genes, were identified within the corresponding target site.
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within different genomic loci, including IR1, but not a single
full-length casposon. Similar remnants of transposable ele-
ments (e.g., solo-LTRs [long terminal repeats] of retroele-
ments) are frequently found in various genomes, where they
are at least as abundant but typically outnumber the complete
elements from which they are derived (Shirasu et al. 2000;
Devos et al. 2002; Yin et al. 2014). There was no segregation
of complete casposons and solo-TIRs within the M. mazei tree
(fig. 4), suggesting that the solo-TIRs have emerged by deg-
radation of full-length casposons on multiple occasions during
the evolution of M. mazei strains.

In contrast to the ubiquity of casposon integrations within
IR1, family 4 elements residing within IR2 are represented in
only four M. mazei strains, whereas the rest of the strains
contain intact, empty target sites. This observation, along
with the finding that the latter elements are only distantly
related to the other M. mazei casposons (figs. 1 and 3), sug-
gests that they have been introduced into M. mazei relatively

recently, following the divergence of the major M. mazei

clades (fig. 4).

Casposons within tRNA-Leu genes were identified in 14
M. mazei strains. Six of these, in addition, contained caspo-
sons within the IR1 locus (fig. 4). The elements inserted into
the tRNA and IR1 sites are closely related (fig. 3), suggestive of
casposon amplification and mobility in these strains. To verify
the latter possibility, we compared all nonredundant TIR and
TSD sequences of casposons from the two loci (fig. 5). We
found that casposons present in IRT and tRNA-Leu genes dis-
play conservation not only within their TIR but also in the TSD
sequences. In both cases, the TSDs are 14-bp long and are
perfectly conserved within the four 5'-terminal positions,
whereas the five 3'-terminal positions are always AT-rich.
The six central nucleotides are more variable, suggesting
that target selection is predominantly determined by the ter-
minal nucleotides. Notably, all three solo-TIRs in the SarPi
strain are also adjacent to sequences containing the conserved
CGCA motif, in accord with the conservation patterns of the
target site (fig. 5).

Considering that all M. mazei strains, including the basal
ones, contain casposons or remnants thereof within the IR1
locus, it appears highly likely that this was the ancestral site of

TSD (14 bp)

casposon insertion, whereas the considerably less abundant
elements inserted into the tRNA-Leu genes are derived from
those inserted into IR1. Furthermore, phylogenetic relationship
between the casposon-containing strains is best consistent
with several independent casposition events (fig. 4). This pos-
sibility is further supported by the observation that casposons
integrated into the tRNA-Leu genes in different strains are
present in two alternative orientations with respect to the
target site. Specifically, MetMaz1FATA3-C2 is inverted when
compared to MetMaz3HT1A1-C1 (note that in fig. 3 the tRNA
genes are located on the opposite sides of the two elements).
Such variation could result from either independent insertion
of casposons in the two strains or inversion of the casposon in
one of the strains by intramolecular recombination between
the TIRs. The fact that the two strains belong to different
M. mazei clades (fig. 4) better supports the independent in-
sertion scenario.

Cohabitation of Casposons and Unrelated Mobile
Elements within the Same Target Sites

Genomic context analysis showed that casposons are not the
only mobile elements that integrate into the tRNA-Leu gene of
M. mazei. The same tRNA gene was targeted by two other

groups of MGEs, MGE1 and MGE2, in different M. mazei

strains. Elements from both these groups are not closely re-
lated to previously described archaeal viruses or plasmids but
encode typical integrases of the tyrosine recombinase super-
family (Grindley et al. 2006) and appear to have recombined
site-specifically with the 3'-distal region of the tRNA-Leu gene.
The latter process involves recombination between homolo-
gous regions, known as attachment sites (att), that are present
on the circular dsDNA molecule of the mobile element and the
cellular genome. As a result, the mobile element is inserted
site specifically into the host chromosome and is flanked by
direct repeats corresponding to the att sites (attL and attR)
(Grindley et al. 2006; Krupovic and Forterre 2015).
Interestingly, elements from one of the two groups (MGE1)
co-occur with and are adjacent to casposons in some of the

M. mazei strains (fig. 3). The corresponding locus in M. mazei

strain 1.F.A.1A.3 contains the casposon MetMaz1FA1A3-C2
and the integrated element MetMaz1FA1A3-E1 (fig. 6). Gene

TIR (31-59 bp)

SarPi solo-TIR1
SarPi solo-TIR2
SarPi solo-TIR3

IR1 [ MetMaz1HA1A4-C1
MetMazS6-C1
MetMazS6-C2

tRNA'Y | MetMaz1FA1A3-C2
MetMaz3HT1A1-C1

C
C
C
C
C
C
C
C

Consensus

TAC TTT CAC CTA
-G TA AA - CAC CCG
TAAGGAECG - CAC CCG

O0000OO00O0
O000000O0

Fic. 5.—Comparison of the TSD and TIR sequences from casposons integrated into different genomic loci.
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B AAA+ ATPase DNA MTase B SF2 helicase — - — primase-helicase =~ — —HTH - Y-Int -
2kb
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tRNA-Leu

. . .CAGGTTCAGAGCCTGICTTGTAGGAGTTCGTGCGITCGAATCGCACCTCTCGCAGT TTTTTTAA

attL

Fic. 6.—Co-integration of a casposon and an unrelated MGE into the same tRNA-Leu gene. (A) Schematic representation of the genomic locus of
Methanosarcina mazei strain 1.F.A.1B.3, containing casposon MetMaz1FATA3-C2 and integrating element MetMaz1FATA3-E1. The genome map of the
latter is also shown with open reading frames being shown as arrows, indicating the direction of transcription. attL and attR, left and right attachment sites,
respectively; MTase, methyltransferase; SF2, superfamily 2; Y-Int, integrase of the tyrosine recombinase superfamily. (B) Detailed view of the tRNA-Leu gene
(red arrow) region encompassing the attL (green outline) and TSD (light blue shading) sequences as well as a fragment of TIR (dark blue shading).

content analysis of MetMaz1FA1A3-E1 shows that its gene
complement is typical of mobile elements. Specifically, besides
the tyrosine recombinase, MetMaz1FA1A3-E1 encodes sev-
eral proteins that are likely to be involved in its replication,
including an AAA+ ATPase, superfamily 2 helicase and a pri-
mase-helicase fusion protein (fig. 64). The latter contains the
N-terminal primpol domain homologous to the small subunit
of archaeo-eukaryotic primases and the C-terminal superfam-
ily 3 helicase domain. The two domains, either separately or in
combination, are frequently found in various plasmids and
viruses from all three cellular domains (lyer et al. 2005; Lipps
2011; Krupovic et al. 2013; Gill et al. 2014).

Detailed analysis of the recombination signals (att, TIR, TSD)
of the two adjacent elements from the 1.F.A.1A.3 strain (fig.
6B) showed that the site targeted by the casposon partially
overlaps the attachment site employed by MetMaz1FA1A3-
E1. Importantly, the positions of the two elements with re-
spect to each other and the target tRNA gene indicates that
casposon insertion in this strain occurred subsequent to the
site-specific integration of MetMaz1FATA3-E1. Consistent
with this assessment is the finding that some of the
M. mazei strains, in particular the basal SarPi, contain the in-
tegrated MGE1 but not the casposon (fig. 4).

Discussion

Casposons represent one of the most recent additions to the
vastly diverse repertoire of transposons and other integrative
MGEs. Here, we describe new members of this transposon
superfamily from a range of bacterial and archaeal genomes
and introduce a new family of casposons. These elements not
only expand the taxonomic distribution of casposons, in par-
ticular to the bacterial order Sphingomonadales, but more
importantly, for the first time, provide evidence of casposons
mobility. Furthermore, the identification of a new casposon

family implies that the genetic diversity of these elements re-
mains largely unexplored, and many additional groups of cas-
posons are likely to be discovered in the future.

We took advantage of the large collection of M. mazei
strains for which genomic data have become available recently
(Youngblut et al. 2015). Systematic analysis of the 62 se-
guenced strains led to the identification of three distinct ge-
nomic loci targeted by casposons, with some of the strains
containing more than one casposon. Sequence conservation
between casposons integrated into distinct loci of the same
genome and homology between the utilized target sites
strongly suggest that the elements have been active in the
recent history of M. mazei species and that casposition is, at
least to some extent, sequence specific in vivo. The latter fea-
ture is rather unusual among typical transposons but is char-
acteristic of MGEs that utilize tyrosine or serine recombinases
to promote homologous recombination between the element
(most commonly plasmid or viral DNA) and the host chromo-
some (Grindley et al. 2006). Nevertheless, mechanistically,
casposition is likely to mirror the integration mediated by var-
ious transposases (Hickman and Dyda 2015b). In this mecha-
nism, linear ends of the casposon would be joined into the
target site through two consecutive transesterification reac-
tions, followed by fill-in repair of the single-stranded over-
hangs resulting from a staggered cut within the target site
which produces the characteristic TSDs flanking the casposon.
Notably, support for this succession of events comes from
recent biochemical studies on spacer acquisition by CRISPR-
associated Cas1 endonucleases which show that Cas1 can
catalyze both the integration and the reverse, disintegration
reactions similar to those of retroviral integrases and other
DDE transposases (Nunez et al. 2014, 2015; Rollie et al.
2015). Consistent with the analysis of casposon integration
described here, spacer acquisition by Cas1 has been found to
be sequence-specific (Nufez et al. 2015; Rollie et al. 2015). In
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contrast, in vitro integration of oligonucleotides or mini-
casposons into the target DNA catalyzed by the purified cas-
posase from Aciduliprofundum boonei appears to occur at
random sites (Hickman and Dyda 2015a). This discrepancy
awaits further investigation. It seems a distinct possibility
that the in vivo specificity of the casposase is conferred by
an additional casposon-encoded protein.

At the first glance, it might appear surprising how much
the mechanism of spacer integration mediated by CRISPR-
associated Cas1 resembles the transposition reaction catalyzed
by DDE transposases. However, considering that the original
function of Cas1, in all likelihood, is mobilization of genetic
elements, specifically casposons, all the parallels between Cas1
and transposases become only natural. The key feature of
Cas1 proteins, from both casposons and CRISPR-Cas systems,
is the sequence dependence of their nuclease activity.
Conceivably, it is this sequence specificity that rendered
these enzymes suitable for controlled genome remodeling,
eventually leading to the emergence of prokaryotic adaptive
CRISPR-Cas immunity (Koonin and Krupovic 2015a, 2015b).
There is, however, a striking duality in Cas1 specificity toward
DNA substrates. On the one hand, acquisition of new spacers
from the invading DNA merely depends on the presence of a
di- to pentanucleotide, known as the protospacer adjacent
motif (PAM), without any discernible sequence requirements
within the protospacer itself (Mojica et al. 2009; Shah et al.
2013; van der Oost et al. 2014). On the other hand, spacer
insertion into the CRISPR array occurs at a strictly predefined
site at the Leader-end of the CRISPR locus (van der Oost et al.
2014). How this dualism in specificity has emerged is one of
the least clear steps in the evolutionary scenario of the origin of
CRISPR-Cas systems from casposons, due mainly to the current
lack of understanding of the exact mechanistic details under-
lying casposon integration and excision. However, the obser-
vations presented here might hold a clue to this riddle.

On the basis of the sequence and secondary structure sim-
ilarity between the TIRs of certain casposons and CRISPR, we
have recently proposed that CRISPR arrays have evolved from
solo-TIRs, in parallel to the evolution of recombination signal
sequences utilized in the eukaryotic V(D)J recombination from
the TIRs of Transib transposons (Kapitonov and Jurka 2005;
Koonin and Krupovic 2015a). However, until now, casposon-
derived solo-TIRs have not been observed in any bacterial or
archaeal genomes. Here, we show that all M. mazei strains
that do not contain full-length casposons, carry solo-TIRs in
one of the genomic loci (fig. 4), indicating that such sequences
can and do emerge repeatedly in the course of evolution.
Furthermore, we found that closely related casposons from
different loci target homologous sites in M. mazei genome.
However, strict sequence conservation within the target se-
guences is limited to the tetranucleotide CGCA. We propose
that this conserved target sequence is the counterpart of the
PAM sequences recognized by the CRISPR-Cas systems,
whereas the rest of the target site sequence is equivalent to

the protospacer. Then, the parallel between the activities of
Cas1 in CRISPR-Cas and casposons becomes increasingly
transparent. In the CRISPR-Cas systems, the protospacer is
selected based on a short PAM motif which, by definition, is
adjacent to the protospacer sequence. Similarly, in the case of
casposons, the target sequence appears to be defined by the
presence of a tetranucleotide motif which is found at the ex-
tremity of the processed sequence. In contrast, integration of
the protospacer into the CRISPR locus is highly specific, being
determined by the nucleotides flanking the integration site at
the Leader-repeat 1 boundary (Rollie et al. 2015). In the case
of casposons, TIRs can be predicted to contain the Cas1-
binding sites which would ensure the specificity of integration
into the target sites, as is the case in other transposon systems
(Hickman and Dyda 2015b). Importantly, there is apparent
coevolution between Cas1 endonucleases and the sequences
of the CRISPR and PAMs in CRISPR-Cas systems (Shah et al.
2013). Similarly, the sequences of TIRs and TSDs are casposon
specific and seem to vary for distinct casposons, even those
present in the same host.

The lack of strict sequence conservation within the
M. mazei TSDs (beyond the invariant tetranucleotide) is likely
to allow for a degree of flexibility in casposon target selection.
It has been suggested that the length of the casposon target
site is dictated by the distance between and the orientation of
the catalytic sites of the putative multimeric Cas1 caspososome
(Hickman and Dyda 2014). Although the length of the TSDs is
indeed conserved among closely related casposons (fig. 4), it
can vary considerably in distantly related ones. For example,
the length of the TSDs of related casposons integrated into IR1
and the tRNA-Leu gene in M. mazei is 14 nucleotides, whereas
the TSDs flanking the distantly related casposon inserted into
the IR2 site of the same M. mazei strain are 35-nucleotide long
(supplementary file S2, Supplementary Material online). Thus,
the length of the TSD appears to be casposon specific, and the
mechanism of its determination remains to be characterized.
Similarly, the length of TIRs varies substantially between differ-
ent casposons (Krupovic et al. 2014b), and the same is true for
CRISPR repeats and spacers: the size of the repeat can vary
between 24 and 47 bp, whereas that of the spacer between
26 and 72 bp (Sorek et al. 2008).

We have previously observed a patchy taxonomic distribu-
tion of casposons in archaeal and bacterial genomes (Krupovic
etal. 2014b). Here, we show that the same holds true at short
evolutionary distances, namely at the level of strains of the
same archaeal species. This observation is clearly indicative of
recent casposon mobility. Phylogenetic analysis of the caspo-
son PolB proteins has suggested that casposons emerged in
archaea and were horizontally transferred to bacteria subse-
guent to the divergence of the casposon families 1 and 2
(Krupovic et al. 2014b). However, given that none of the cur-
rently identified casposons encodes viral capsid proteins or
other proteins that could facilitate intercellular transfer (e.q.,
conjugative apparatus), the mechanism of horizontal transfer
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of casposons between different organisms especially archaea
and bacteria, remains unclear (apart from passive transfer fol-
lowing host lysis). In this context, the finding that casposons
occasionally integrate into the genomes of other MGEs, as is
the case in some M. mazei strains, might be indicative of a
transfer route. Notably, in the case depicted in figure 6A, ho-
mologous recombination mediated by the element-encoded
tyrosine recombinase between the attL and attR sites would
lead to excision of a circular chimeric DNA molecule encom-
passing both the original element and the casposon. Such
excision would potentially liberate the strain from the resident
casposon. Indeed, several M. mazei strains are devoid of either
element in the tRNA-Leu gene (fig. 4). Conversely, transient
integration of casposons into other MGEs might provide the
means for their intercellular transfer, possibly over large phy-
logenetic distances.

Conclusions

Casposons remain to be experimentally characterized al-
though the recent demonstration of the casposase activity in
vitro provides an important validation of the predictions made
by sequence analysis. In anticipation of further experiments,
comparative genomics, and especially comparative analysis of
multiple, closely related genomes of the same microbial spe-
cies, can provide substantial clues into the biology of these
elements. Here, we demonstrate striking variation of the cas-
poson insertion sites among 62 strains of M. mazei and inser-
tion of closely related casposons into different sites. These
findings leave no doubt in the recent mobilization of caspo-
sons. The presence of solo casposon-derived TIRs in many
M. mazei strains shows that processes similar to those that
likely gave rise to the CRISPR-Cas systems are rather common
during evolution. We also demonstrate the sequence specifi-
city of casposon insertion sites and Cas1 recognition sites in
the TIRs that parallel the specificities observed at different
steps of adaptation during the CRISPR-Cas response.
Collectively, the observations presented here add credence
to the key role of casposons in the emergence of CRISPR-Cas.

Supplementary Material

Supplementary files S1-S5 are available at Genome Biology
and Evolution online (http:/Awvww.gbe.oxfordjournals.org/).
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