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ABSTRACT

Enzymatic effectors targeting nucleic acids, proteins
and other cellular components are the mainstay of
conflicts across life forms. Using comparative ge-
nomics we identify a large class of eukaryotic pro-
teins, which include effectors from oomycetes, fungi
and other parasites. The majority of these proteins
have a characteristic domain architecture with one
of several N-terminal ‘Header’ domains, which are
predicted to play a role in trafficking of these effec-
tors, including a novel version of the Ubiquitin fold.
The Headers are followed by one or more diverse
C-terminal domains, such as restriction endonucle-
ase (REase), protein kinase, HNH endonuclease, LK-
nuclease (a RNase) and multiple distinct peptidase
domains, which are predicted to carry their toxic-
ity determinants. The most common types of these
proteins appear to have originated from prokary-
otic transposases (e.g. TN7 and Mu) and combine
a CDC6/ORC1-STAND clade NTPase domain with a
C-terminal REase domain. Other than the so-called
Crinkler effectors of oomycetes and fungi, these ef-
fectors are encoded by other eukaryotic parasites
such as trypanosomatids (the RHS proteins) and the
rhizarian Plasmodiophora, and symbionts like Cap-
saspora. Remarkably, we also find these proteins in
free-living eukaryotes, including several viridiplan-
tae, fungi, amoebozoans and animals. These ver-
sions might either still be transposons or function
in other poorly understood eukaryote-specific inter-
organismal and inter-genomic conflicts. These in-
clude the Medea1 selfish element of Tribolium that
spreads via post-zygotic killing. We present a uni-
fied mechanism for the recombination-dependent di-
versification and action of this widespread class of

molecular weaponry deployed across diverse con-
flicts ranging from parasitic to free-living forms.

INTRODUCTION

Biological systems are locked in conflicts at all levels of
their organization (1–4). Such conflicts lie at the heart of
interactions ranging from symbiotic mutualism to para-
sitism or predation. These conflicts span a wide spectrum:
those between intra-genomic selfish elements and their host
genomes, between multiple genomes in the same cell (e.g.
between plasmids and viruses and the cellular genome),
and between organisms belonging to the same or different
species (1,2,4–6). The ubiquity of conflict in biological sys-
tems has selected for a diverse panoply of armaments and
defenses, which most commonly manifest at the molecular
level as toxins and cognate immunity molecules that neu-
tralize them (1,7).

A dominant theme across all biological conflicts is the use
of protein toxins that incapacitate different subcellular ma-
chineries (8–10). In the past decade there have been tremen-
dous advances in our understanding in terms of the evolu-
tion, structure and function of protein toxins deployed in
prokaryotic conflict systems (11–13). One major area of in-
vestigation has been the toxin–antitoxin systems, which are
intra-genomic selfish elements (14–16). They enforce their
maintenance in plasmids and cellular genomes by means
of antagonistic interactions between cell-killing toxins and
cognate antitoxins that neutralize them (15,17). Another
class of toxins and effectors, which have received much at-
tention, are those deployed by bacterial pathogens against
their eukaryotic hosts (8,9,18,19). More recently it has be-
come apparent that prokaryotes also deploy protein toxins
in intra-specific conflicts with non-kin bacteria (20). These
are paralleled by earlier-described proteinic bacteriocins,
which are produced by plasmids and target those cells in
bacterial population that lack the plasmid (21–23).

Studies on the domain architectures of protein toxins
from these prokaryotic conflict systems have revealed sev-
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eral common themes: they often utilize specialized secretory
machinery, such as the type-VI (T6SS), type-VII (T7SS) or
the so-called PVC systems to specifically deliver the toxin
to their target cell (11–13). Another pervasive feature is the
enzymatic activity of toxins to which their toxicity is usu-
ally entirely attributable. Most frequently they catalyse co-
valent modifications or cleavage of DNA, RNA, proteins
and lipids to either alter their behaviour or render them bi-
ologically dysfunctional (8,9,11). Toxins, in particular their
catalytic domains, from across these systems rampantly dis-
play different forms of polymorphism: they might rapidly
diverge in sequence and, in certain cases, structure even be-
tween related strains or species (11–13). They might also
show evolutionary displacement by structurally divergent
and sometimes even catalytically unrelated toxins (11). This
phenomenon is particularly striking in a system of toxins
deployed primarily in bacterial intra-specific conflicts. Here
the C-terminal (usually enzymatic) toxin domains tend to
be highly polymorphic while retaining constant N-terminal
regions, which contain domains related to secretion, pro-
cessing and formation of secretion-related superstructures.
This polymorphism appears to arise from repeated recom-
bination of the N-terminal constant region with distinct
C-terminal toxin-encoding cassettes (12,24). Polymorphism
is the hallmark of an arms-race situation in a biological
conflict and indicates constant compensatory evolution be-
tween the toxin and resistance mechanisms directed against
it (3,25).

In contrast to prokaryotic toxins, our understanding of
toxins and effectors used by eukaryotic pathogens and those
deployed in inter-eukaryotic conflicts is less advanced. Nev-
ertheless, studies indicate that enzymatic effectors, compa-
rable to the bacterial versions, are also used by eukaryotic
pathogens. For instance, the apicomplexan parasites, Plas-
modium and Toxoplasma, secrete protein kinases into their
host cells to alter their behaviour (26–28). Interestingly,
these apicomplexan kinases display lineage-specific expan-
sions (LSEs) suggesting certain functional polymorphism
and/or diversification to counter evolving host resistance
and immunity. Like apicomplexans, pathogenic and myc-
orrhizal symbiotic fungi (29–31), stramenopile oomycetes
(32–34), and the rhizarian Plasmodiophora (35) also display
intimate interactions with their eukaryotic hosts, which fea-
ture complex but poorly understood biological conflicts in-
volving secretion of numerous effectors, often numbering in
the hundreds, into cells of their host. This has been exten-
sively studied in plant pathogenic oomycetes, which cause a
characteristic leaf-crinkling phenotype upon establishment
of infection (36). This is attributed to the Crinkler (Crn) ef-
fectors, which cause cell death and pave the way for the fi-
nal stage of infection by these pathogens, where they grow
on the dead host tissue (necrotrophy) (37). Recently, it was
shown that one of the Crinkler effectors possesses a kinase
domain, which on being disrupted reduces the cell-death-
causing capacity of the effector and its stability in the host
cell (32,38). In addition, other enzymatic domains delivered
into host cells have been identified in effectors of eukary-
otic pathogens, such as a metallopeptidase domain in Mag-
naporthe oryzae (39) and a Nudix domain in Phytophthora
sojae (40).

Crn effectors are of particular interest because they have
been distributed by lateral transfer across phylogenetically
distant eukaryotes, such as oomycetes and different fun-
gal lineages such as pathogenic chytrids (32,41,42). They
have been implicated in destructive oomycete diseases of
tomato (36,43,44), potato (potato blight) (32), soybean and
forest trees (45) and also chytridiomycosis of frogs caused
by Batrachochytrium dendrobatidis (30). The repertoire of
Crn genes and pseudogenes is greatly expanded in these
organisms (32,36) and their products have been shown to
translocate into the host nucleus in a process mediated by
their N-terminal region (46). They have also been shown
to display both distinct intra-nuclear distribution and levels
of cell-death induction (37,45–47). Crn effectors are further
recognized to display apparent modularity in their domain
structure, and potentially undergo variation via recombina-
tion of N- and C-terminal regions (32,37,48). Despite these
advances, beyond the report of the kinase domain, there is
little objective understanding of the actual domain archi-
tectures, potential catalytic diversity of their toxin modules
and the relationship of the recombination-driven diversifi-
cation to their domain architectures.

We had earlier extensively characterized prokaryotic tox-
ins by identifying numerous previously unknown catalytic
domains and delivery mechanisms, in addition to clarifying
the mechanisms generating polymorphism (11–13). We be-
came interested in the Crn effectors because they showed
features paralleling polymorphic prokaryotic effectors in
terms of diversification via recombination (48). Given that
they are rather poorly understood in terms of their do-
main composition and provenance we sought to use sensi-
tive sequence analysis, structure comparison and compara-
tive genomics to better understand them. Consequently, we
show that Crn effectors are not restricted to oomycetes and
pathogenic fungi but are widely distributed across eukary-
otes and likely to be used in a variety of conflict systems.
We systematically characterize all of the major toxin and
delivery-related domains in these systems. Moreover, we
also show that their dominant domain architectural theme
arose from bacterial transposons, which in turns allows us
to explain several of their key evolutionary and functional
features.

MATERIALS AND METHODS

We started with an initial sequence library of known Crn
homologs extracted from the Genbank Non-Redundant
(NR) protein database. Upon identification of new ho-
mologs these were then integrated into the initial library
for further large-scale sequence analysis as described be-
low. We iterated this procedure for several rounds, and
eventually generated an exhaustive collection of CRN ho-
mologs and identified the conserved domains found in
them (Supplementary data). To detect distant relationships
iterative sequence profile searches were conducted using
the PSI-BLAST (49) and JACKHMMER (50) programs
with profile-inclusion threshold of expect (e)-value at 0.005
against the NR database at National Center for Biotechnol-
ogy Information (NCBI). Clustering of proteins based on
bit score density and length of aligned sequence was per-
formed using the BLASTCLUST program (ftp://ftp.ncbi.
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nih.gov/blast/documents/blastclust.html). Remote homol-
ogy searches were performed using profile–profile compar-
isons with HHpred program (51) against profile libraries
comprised of the PFAM and PDB databases as well as an
in-house library of profiles of conserved domains. Multiple
sequence alignments were built using the Kalign (52), Mus-
cle (53) and PROMALS3D (54) programs with default pa-
rameters followed by manual adjustments based on profile–
profile alignment, secondary structure prediction and struc-
tural alignment.

Secondary structures were predicted using the JPred pro-
gram (55). Additionally, we generated predicted topologies
based on homologs with known structures. Structural vi-
sualization and manipulations were carried out using the
PyMOL program. Phylogenetic analysis was conducted us-
ing an approximately maximum-likelihood method imple-
mented in the FastTree program under default parameters
(56). The PhyML program (57) was also used to deter-
mine the maximum-likelihood tree using the Jones–Taylor–
Thornton model for amino acids substitution with a dis-
crete gamma model (four categories with gamma shape pa-
rameter = 2). The trees were rendered using the FigTree pro-
gram (http://tree.bio.ed.ac.uk/software/figtree/). The analy-
sis of the Shannon entropy (H) for a given multiple sequence
alignment was performed using the equation:

H = −
M∑

i=1

Pilog2 Pi

P is the fraction of residues of amino acid type i and M
is the number of amino acid types. The Shannon entropy
for the ith position in the alignment ranges from 0 (only
one residue at that position) to 4.32 (all 20 residues equally
represented at that position). Analysis of the entropy values
which were thus derived was performed using the R lan-
guage.

Species abbreviations used in the figures are as follows:
Aand: Anditalea andensis; Aast: Aphanomyces astaci;
Abut: Arcobacter butzleri; Acan: Albugo candida; Acas:
Acanthamoeba castellanii; Adea: Angomonas deanei; Aeut:
Aphanomyces euteiches; Afum: Aspergillus fumigatus;
Akas: Advenella kashmirensis; Anam: Aureobasidium
namibiae; Aoli: Arthrobotrys oligospora; Aory: Aspergillus
oryzae; Ariv: Aeromonas rivuli; Arub: Aspergillus ruber;
Alic.: Alicycliphilus sp.; Asub: Auricularia subglabra;
Ater: Aspergillus terreus; Atha: Arabidopsis thaliana; Bact:
Bacteroides sp.; Bbog: Bacillus bogoriensis; Bbot: Botryoba-
sidium botryosum; Bcac: Bacteroides caccae; Bden: Batra-
chochytrium dendrobatidis; Bder: Blastomyces dermatitidis;
Begg: Beggiatoa sp.; Bvin: Bartonella vinsonii; CJet:
Candidatus Jettenia; CMet: Candidatus Methanomethy-
lophilus; Calb: Candida albicans; Ccht: Coleofasciculus
chthonoplastes; Ccin: Coprinopsis cinerea; Cgig: Cras-
sostrea gigas; Cglo: Colletotric hum gloeosporioides; Clan:
Curvibacter lanceolatus; Clut: Chryseobacterium luteum;
Cowc: Capsaspora owczarzaki; Crei: Chlamydomonas
reinhardtii; Chry.: Chryseobacterium sp.; Csub: Coc-
comyxa subellipsoidea; Ddis: Dictyostelium disco ideum;
Dfas: Dictyostelium fasciculatum; Dacr.: Dacryopinax
sp.; E: Enterobacteriaceae; Ebac: Erysipelotrichaceae
bacterium; Ecol: Escherichia coli; Famn: Ferriphaselus

amnicola; Fmed: Fomitiporia mediterranea; Foxy: Fusar-
ium oxysporum; FsV: Feldmannia species virus; Gbre:
Geobacter bremensis; Gfer: Geothrix fermentans; Gmar:
Galerina marginata; Gmax: Glycine max; Gnip: Grega-
rina niphandrodes; Gsul: Galdieria sulphuraria; Gthe:
Guillardia theta; Hirr: Heterobasidion irregulare; Lbic:
Laccaria bicolor; Mabs: Mycobacterium abscessus; Mbre:
Monosiga brevicollis; Meth: Methylobacterium sp.; Mhun:
Methanospirillum hungatei; Mmob: Methylotenera mobilis;
Mneg: Monoraphidium neglectum; Mpie: Marinitoga
piezophila; Mpro: Moorea producens; Mver: Mortierella
verticillata; Ncra: Neurospora crassa; Ngru: Naegleria
gruberi; Orhi: Ochrobactrum rhizosphaerae; Pseu: Pseu-
doalteromonas; Pbra: Plasmodiophora brassicae; Pgra:
Puccinia graminis; Pinf: Phytophthora infestans; Ppal:
Polysphondylium pallidum; Ppar: Phytophthora parasitica;
Ppat: Physcomitrella patens; Ppin: Paenibacillus pini; Ppol:
Paenibacillus polymyxa; Psoj: Phytophthora sojae; Ptri:
Pyrenophora tritici-repentis; Rall: Rozella allomycis; Rbic:
Ruminococcus bicirculans; Rirr: Rhizophagus irregularis;
Rlim: Runella limosa; Rmar: Rubritalea marina; Rsol:
Rhizoctonia solani; Rhod.: Rhodococcus sp.; Sbac: Succini
vibrionaceae bacterium; Scer: Saccharomyces cerevisiae;
Scul: Strigomonas culicis; Sfle: Shigella flexneri; Shim:
Streptomyces himastatinicus; Smoe: Selaginella moellen-
dorffii; Sneg: Simkania negevensis; Snov: Starkeya novella;
Spom: Schizosaccharomyces pombe; Sele.: Selenomonas
sp.; Tbru: Trypanosoma brucei; Tcac: Theobroma cacao;
Tcas: Tribolium castaneum; Tcru: Trypanosoma cruzi;
Tfle: Thiothrix flexilis; Tjen: Tetrasphaera jenkinsii; Tlit:
Thermococcus litoralis; Tmar: Talaromyces marneffei; Tsib:
Thermococcus sibiricus; Tton: Trichophyton tonsurans;
Ttur: Teredinibacter turnerae; Tviv: Trypanosoma vivax;
Vcar: Volvox carteri; Vvin: Vitis vinifera; Yfre: Yersinia
frederiksenii; Zbre: Zymoseptoria brevis.

RESULTS AND DISCUSSION

Identification of Crn and related proteins across eukaryotes

To date the Crn effectors have only been reported in fun-
gal and oomycete pathogens. To better understand their
phyletic distribution in eukaryotes, we first used sequence-
based clustering to select a diverse library of known Crn ef-
fectors. We next used these to seed sequence profile searches
with the PSIBLAST and JACKHMMER programs against
a library of completely sequenced genomes representing
all major eukaryotic lineages with available genomic data.
Through these searches, we identified several homologous
proteins outside of the taxa previously known to have Crn
effectors. We then ran similar searches with the newly iden-
tified versions to verify their relationship to the Crn effec-
tors on the basis of reciprocal recovery of representatives
from the starting library. Thus, we identified a comprehen-
sive collection of over 7000 homologs including fragmen-
tary genes (pseudogenes or cassettes; see below) in our panel
of diverse eukaryotes (Supplementary material). The newly
identified versions were found not only in fungal lineages
where they were not previously reported but also in several
pathogenic and free-living eukaryotes (Figure 1). Among
pathogens/symbionts we found LSEs in unrelated lineages
like the apicomplexan Gregarina niphandrodes, rhizarian

ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html
http://tree.bio.ed.ac.uk/software/figtree/
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Figure 1. (A) Domain architecture network of eukaryotic CR proteins. Domains linked in the same polypeptide are connected by arrows, with the arrow
head pointing to the C-terminal domain. The arrow thickness reflects the number of associations found in the total dataset. (B–M) Representative domain
architectures of CR proteins in different eukaryotic species. Proteins are labelled by the species abbreviation of organisms in which they are found followed
by the NCBI Genbank id (gi). Species abbreviations are provided in the figure and also available in the ‘Materials and Methods’.
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Plasmodiophora, various kinetoplastids like Trypanosoma
cruzi, T. brucei, and Angomonas deanei, and the snail sym-
biont Capsaspora owczarzaki which is related to the ani-
mal lineage. Among free-living forms we recovered Crn ho-
mologs in the heterolobosean Naegleria, several members of
Viridiplantae including chlorophytes and land plants, cryp-
tophyte algae, choanoflagellates, certain animals (e.g. the
flour-beetle Tribolium, several hemipteran insects and Hy-
dra) and amoebozoans (Figure 1; see Supplementary mate-
rial for detailed phyletic overview). Interestingly, versions
from trypanosomes were proteins previously known as
members of the LSE of RHSPs (Retrotransposon Hot Spot
proteins), which are encoded in the vicinity of other patho-
genesis and immune-evasion genes such as the variant
surface glycoprotein (VSG) cassettes (58,59). Accordingly,
we hereinafter refer to this class of proteins united by
their sharing of characteristic conserved regions as the
CR (Crinkler-RHS-type) proteins. One of the paralogs in
Tribolium corresponded to the only active gene from the
Medea1 locus, a selfish locus with maternal transmission,
which is involved in post-zygotic killing of non-Medea in-
dividuals (60).

Characterization of domain architectures of CR proteins

Given that previous studies on Crn effectors have not ob-
jectively determined their domain architectures, we set up a
protocol to systematically achieve this. First, we queried our
above collection of CR proteins with an extensive library
of sequence profiles, which included the Pfam database
(61), and a custom collection prepared by augmenting
Pfam alignments and adding new domains not in the Pfam
database. Second, we initiated sequence searches with di-
verse CR proteins as starting points to identify regions
of sequence similarity that are shared across distantly re-
lated organisms. Having isolated such regions, we then used
them to run profile searches with PSIBLAST and HMM
searches with JACKHMMER to comprehensively delin-
eate new conserved domains. We also used the profiles in
profile–profile comparisons with the HHpred program to
detect even more distant relationships. As a result, we iden-
tified several novel domains and previously unknown di-
vergent versions of characterized domain superfamilies. Fi-
nally, collating these results, we were able to arrive at a com-
prehensive characterization of the domain architectures of
CR proteins (Figure 1; see Supplementary material for a
complete listing of domain architectures).

Notably, analysis of the domain architectures thus ob-
tained revealed the following common ‘syntax’ for the CR
proteins: CR-NTD[i] + CR-toxin[j,k,l. . . ]; i.e. one of sev-
eral CR-NTD (Crinkler-RHSP-type N-terminal domain)
followed by one or more Crinkler-RHSP-type toxin do-
mains (Figure 1). We also term the CR-NTD domains as
‘Header’ domains as they always occupy the N-terminal po-
sition relative to other domains in the protein. The Header
domains can be unified into a relatively small set of super-
families that are unrelated to each other despite occupying
a similar position in the protein (Figure 1). Analysis of the
C-terminal domains revealed that they are likely to carry
the toxicity determinants (see below); hence, we collectively
refer to these as CR-toxin domains. The majority of these

are enzymatic domains belonging to several distinct super-
families, thereby allowing us to predict the potential cat-
alytic mechanism by which they execute their toxicity. A mi-
nor subset of CR-toxin domains are predicted to potentially
breach membranes to form pores. Furthermore, the major-
ity of CR proteins display either of two architectural types
(Figure 1), both featuring a pair of distinct enzymatic CR-
toxin domains C-terminal to the Header domain: (i) a P-
loop NTPase domain coupled with a nuclease domain of
the restriction endonuclease (REase) superfamily (62,63).
This architectural type accounts for a little over one-fourth
of the total CR proteins in our dataset. (ii) A REase su-
perfamily domain combined with a eukaryote-type protein
kinase domain. This type accounts for a little over one-sixth
of the total CR proteins. While a few further CR proteins
display other dyads of C-terminal enzymatic domains like
the above, the majority of the remaining CR proteins dis-
play a single C-terminal toxin domain. These are usually in
fewer numbers than the above in any given genome.

The same type of toxin domains might occur with any of
the different types of Header domains in the same or differ-
ent organisms (Figure 1). Hence, we first analyze the toxins
followed by a survey of the diversity of Header domains. As
the two types of architectures with paired C-terminal enzy-
matic domains constitute the majority of CR proteins we
describe those domains first followed by other types of toxin
domains classified as per their predicted mode of action.

The P-loop NTPase domains coupled to REase domains

Our analysis of the CR-toxin domains recovered nine well-
defined clades of P-loop NTPase domains (named CR-
NTPase1-9; Figure 2A), all of which are coupled with one
of several distinct clades of REase domains (see below).
While these clades are highly divergent from each other in
sequence (Figure 2A), profile–profile comparisons revealed
that they are related to each other and also specifically to
the STAND-CDC6/ORC1 clade within the AAA+ class
of P-loop NTPases (64–66). Secondary structure predic-
tions based on alignments of the individual clades conclu-
sively confirmed that the nine CR-NTPase clades lie within
the STAND-CDC6/ORC1 clade because all of them con-
tain its synapomorphy in the form of a helix-extension-
helix (HEH) insert after strand-2 of the conserved AAA+
core (Figure 2B and C) (64,66). This element resembles the
HEH domains such as SAP and LEM, several of which are
known to bind nucleic acids (67), and has been shown to
bind the major groove of DNA in proteins like ORC1 (Fig-
ure 2D) (66). Another characteristic feature, which confirms
this evolutionary affinity of the CR-NTPases, is the pres-
ence of a GxP motif at the junction between the second and
third helices of the C-terminal helical module of the AAA+
NTPase domain (Figure 2A) (65).

To further narrow down the provenance of the CR-
NTPases, we utilized the wealth of sequence and struc-
ture data, which have accumulated since the original defi-
nition of the STAND clade of P-loop NTPases and their
subsequent unification with the CDC6/ORC1 AAA+ NT-
Pases (68). The STAND-CDC6/ORC1 clade includes the
basal clades of CDC6/ORC1 ATPases involved in assem-
bly of the pre-replication complex at replication origins
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Figure 2. (A) Multiple sequence alignment of various eukaryotic CR-NTPase families and related AAA+ ATPases. Protein sequences are labelled by
their species abbreviation followed by the NCBI gis. For species abbreviations refer to the Supplementary data. (B) Topology diagram depicting the
conserved core of the STAND-CDC6/ORC1-like AAA+ ATPases highlighting family-specific and overall features. (C) 3-D cartoon of representative
CDC6 structure (pdb: 2QBY) illustrating its DNA-contacting interface. (D) Representative structure of HEH domains depicting their DNA-binding
modes. (E) Phylogenetic tree depicting the inter-relationships between various members of the STAND-CDC6/ORC1-like AAA+ATPases.

and a crown group of classic STAND NTPases (68,69).
The latter clade includes numerous signaling NTPases from
bacteria and eukaryotes that are coupled to several super-
structure forming domains (e.g. WD40 and tetratricopep-
tide repeats). Eukaryotic representatives (e.g. APAF1, the
plant resistance proteins and the NACHT proteins) are cen-
tral mediators of apoptosis and anti-pathogen responses
(65). Between CDC6/ORC1 and the classic STANDs are
several basal lineages of STANDs, which include the so-
called MNS clade of NTPases that are lineage-specifically
expanded in several archaeal and bacterial genomes (Fig-
ure 2E) (65). We discovered that the MNS clade is joined
by the bacteriophage Mu-like transposase B subunits (70),
the TN7-like transposase TnsC subunits (71,72) and bac-
terial peptidoglycan-remodelling GspA/ExeA proteins (73)
with diverse C-terminal peptidoglycan-binding domains as
part of a vast radiation that is basal to the classic STAND
clade. Based on sequence comparisons we could confidently

place the nine CR-NTPase clades within this basal radia-
tion along with above-named NTPase domains (Figure 2E).

A C-terminal fusion to a REase domain was first re-
ported in lineage-specifically expanded MNS-clade NT-
Pases from Pyrococcus horikoshii, and was subsequently
widely observed in other MNS NTPases (62,65). Based on
this it was proposed that the LSEs of MNS NTPase genes
possibly result from the encoded protein facilitating their
transposon-like proliferation and mobility by means of the
NTPase and REase domains (65,68). Following up on this,
current observations indicate that the entire basal radia-
tion of STAND NTPases is unified by frequent physical and
functional coupling with one or more endoDNase domains,
which might be either fused to the NTPase C-terminus or
are encoded by separate adjacent genes in the operon. This
proposal is now strongly supported by our unification of
the TN7 and Mu family of transposase subunits with this
basal radiation of STAND NTPases (Figure 2E). Extensive
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studies on the Mu transposase have revealed that the AT-
Pase subunit MuB associates with the RNase H fold (74) en-
doDNase subunit MuA that cuts the target DNA for trans-
position (75,76). Similar studies on the TN7 transposase
have revealed that its ATPase subunit TnsC associates with
two subunits, TnsA and TnsB, which contain REase and
RNase H fold endoDNase domains, respectively (71,77). In
both Mu and TN7 the ATP-bound STAND ATPase is re-
quired for association with the target DNA and activates
the endoDNase subunits to cut the donor DNA (78,79).
The STAND subunit binds DNA only when bound to ATP
but not ADP; thus, it serves as the critical switch for com-
pleting the transposition process (80). Given that the TN7
transposase complex has two endoDNase subunits that re-
spectively cut 5′ and 3′ ends, it introduces double-strand (ds)
breaks to usually work as a cut-and-paste transposon (4),
whereas the Mu transposase with a single endoDNase do-
main functions as a single-strand (ss) DNA cutter and op-
erates as a replicative transposon (81).

The CR-NTPase domains from all nine clades are fused
to a single C-terminal endoDNase domain of the REase
fold (Figures 1 and 3). Thus, they specifically resemble the
MuB ATPase coupled with the MuA REase fold endoD-
NAse rather than the TnsCAB system with two endoD-
Nase domains. Hence, the CR-NTPase-REase dyads are
predicted to function similar to MuBA and target ss-nucleic
acids. Examination of the NTPase domain from the nine
clades indicates that they possess an intact Walker A motif
and a Walker B aspartate (Figure 2A), suggesting that they
are likely to bind a nucleoside triphosphate (NTP). This im-
plies that as in the case of the Mu and TN7 transposase
ATPase subunits their DNA-binding activity is likely to be
regulated by their binding of a NTP (79,80). Taken together,
these observations suggest that the effector activity of CR
proteins with these CR-NTPase-REase domain dyads is po-
tentially activated by sensing of a specific NTP by their
CR-NTPase domain, which then allows them to bind nu-
cleic acids (likely DNA) followed by a single stranded cut
catalyzed by the C-terminal REase domain. However, sev-
eral of the clades of the CR-NTPases lack one or both of
the arginine fingers and the conserved glutamate associ-
ated with the Walker B motif (Figure 2A), which are hall-
marks of highly active AAA+ ATPases including the trans-
posase subunits (64,65). This suggests that at least versions
lacking these features might sense NTP but lack multicy-
cle NTPase activity. This might be sufficient, particularly
in the context of effector function, where the strong NT-
Pase activity might not be as critical as in the case of active
transposases. Additionally, transposase NTPase domains
also prevent reinvasion at the same site by another copy of
the transposon (target immunity) by active NTP hydroly-
sis upon interaction with the endoDNase component (82–
84). Loss of the above-mentioned residues in multiple CR-
NTPase clades might also reflect relaxed selection due to the
lack of a need to maintain a highly active NTPase for tar-
get immunity in effector versions. Nevertheless, multiple eu-
karyotic CR-NTPases do possess the features correspond-
ing to AAA+ NTPases with high activity suggesting they
could sustain transposase activity either exclusively or in
addition to their effector function (see below section: func-
tional diversity of the CR proteins).

Kinase domains coupled to REase domains

The Phytophthora infestans CR protein CRN8 was previ-
ously identified as having a eukaryote-type protein kinase
domain (38), which was thought to belong to the ‘RD type’
based on the presence of an RD signature in the so-called ki-
nase motif VIB that is associated with the active site (85,86).
Our analysis revealed a more extensive presence of kinase
domains among the CR proteins, which could be classi-
fied into five major clades using similarity-score density-
based clustering and phylogenetic analysis (Figure 1; Sup-
plementary material). Moreover, only ∼19% of the CR-
kinase domains had an RD signature in the VIB motif,
while ∼60% of the representatives instead had a GD sig-
nature. Further, in at least one clade we found an unusual
conserved W two residues upstream of the highly conserved
active site N (which is downstream of the nearly invariant
D in motif VIB). Despite this diversity our analysis strongly
suggested that these CR-kinase clades are monophyletic to
the exclusion of other kinases because they display char-
acteristic conserved features, in particular in motif VI and
VII (Supplementary material) (85,86). This pattern of se-
quence diversity of the CR-kinases closely resembles that of
the rhoptry protein kinases, which are secreted effectors of
apicomplexan parasites like Toxoplasma and Eimeria (26).
Together these observations suggest that the CR-kinases
are probably under selection for rapid diversification like
the apicomplexan kinases. In both cases the sequence vari-
ability includes positions close to the invariant active site
residues (26,85,86), suggesting that they have specialized to
modify several distinct substrates.

We observed that in all complete CR proteins the kinase
domain is C-terminal to a REase domain (Figure 1; see be-
low). Thus, they mirror the dyad domain organization of the
CR-ATPases which are also obligately coupled to REase
domains. This suggests that the action of the kinase domain
is likely to be functionally linked to the associated REase
domain. Consistent with this proposal, studies on P. infes-
tans CRN8 have shown that disruption of the kinase activ-
ity destabilizes the protein and reduces effector activity, but
does not result in loss of the effector’s ability to cause cell
death (38). In contrast, deletion of the region which corre-
sponds to what we have identified in this study as a REase
domain resulted in loss of the effector’s cell-death activity
(38). Therefore the kinase domain is not required for the
cell-death induction by the effector; rather it appears to play
an auxiliary role in stabilizing the effector protein in the host
cell. Based on this we propose that the CR-kinases act as
partners for the associated REase domain, which displays
the actual toxin activity. The phosphorylation of specific
proteins by the kinase domain probably protects the effec-
tors from host intracellular immunity that targets them for
degradation.

REase domains found in above systems

We identified a total of 18 distinct clades of REase do-
mains in CR proteins, the largest of which we named CR-
REase1-13, with five other minor clades (Figures 1 and
3). Barring members of the CR-REase2 and CR-REase5
clades, all REase domains are obligately associated with ei-
ther the kinase or CR-NTPase domains described above.
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Figure 3. Multiple sequence alignment and predicted topologies for widely present CR-REase families. The conserved catalytic site residues are highlighted
in both the alignment and the topology figure. The equivalence of core secondary elements (�1–�1–�2–�3–�2) between these families is also illustrated.
Protein sequences are labelled by their species abbreviation followed by the NCBI gis. For species abbreviations refer to the ‘Materials and Methods’.
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In the case of the NTPase-REase association the same CR-
REase clade might sometimes come with two distinct NT-
Pases clades (e.g. CR-REase3 with both CR-NTPase5 and
CR-NTPase9) or vice versa (e.g. CR-NTPase4 with REase6
and REase11) (Figure 1A). In the case of the kinase the
same clade of CR-REase is always coupled with its cog-
nate CR-kinase clade (Figure 1A). Thus, in general this
suggests a strong functional interplay between the two do-
mains, which selects for their persistence in a linked dyad.
In the case of the coupling with the NTPase this is consis-
tent with the above-described functional linkage, wherein
NTP-binding by the NTPase is critical for association of
the protein with the nucleic acid substrate, thereby allowing
the cognate CR-REase domain to hydrolyze it. In the case
of the coupling with the kinase, the tendency for a strong
linkage with the cognate REase might result from the role
of the kinase in neutralizing intracellular immunity mecha-
nisms directed at the effector (see below for further details).
However, in both these dyads, as well as the CR proteins
which have just the REase domain, the CR-REase domain
is likely to be the primary toxic moiety of the effector. This
proposal is consistent with (i) the known endoDNase ac-
tivity of the transposase REase domains, which as noted
above are related to the CR-REases (Figure 3); (ii) the cell-
death inducing function mapping to the region correspond-
ing to the REase in the P. infestans CRN8 (i.e. CR-REase4)
(38); (iii) the host defense-countering activity of the P. sojae
effectors CRN63 and CRN115 (45), which have only CR-
REase2 domains not coupled to any other domains.

Examination of the alignment of the CR-REase do-
mains revealed striking sequence diversification between
the distinct clades (Figure 3): (i) some clades like CR-
REase1, 2, 6, 9 and 12 are marked by inserts of one
or more �-hairpins after strand-1 of the core domain,
which are likely to play a role in recognition of substrates
(62,63). (ii) The core motif associated with the REase ac-
tive site also assumes several forms beyond the ancestral
[ED]xK signature (where x is any amino acid) in differ-
ent clades (e.g. QxT in CR-REase1). (iii) In certain clades
like CR-REase11 a neomorphic glutamine is acquired to
replace the typical acidic residue from the [ED]xK signa-
ture. In the REase fold this pattern of extensive diversifi-
cation is otherwise only seen in the restriction endonucle-
ases from the prokaryotic restriction-modification (R-M)
systems (62,63,87). This suggests, like their counterparts in
the R-M systems, the CR-REases are likely to be rapidly
evolving different target sequence specificities probably due
to the target cell genome evolving to evade effector action.
Consistent with this hypothesis, we observed that several
of the REase domains from each of the clades appear to
have lost their active site residues suggesting that they have
undergone inactivation (Figure 3 and Supplementary ma-
terial). This inactivation is possibly the result of the effec-
tors being on the way to ‘extinction’ due to development
of target-cell immunity against them. Given the parallels to
REase domains from R-M (87), and the evolutionary links
of at least those REase domains coupled with NTPase do-
mains to transposase endoDNase domains, we propose that
CR-REase domains primarily act on target cell DNA. In
support of this idea, multiple effectors from Phytophthora
(e.g. PiCRN8 and PsCRN63) need to localize to the target

cell nucleus to cause cell death (45,46). However, some like
PsCRN115 do not seem to require nuclear localization for
action (45); hence, we cannot rule out that a subset of the
CR-REases have evolved to target RNA. Indeed, the cell-
death-causing capacity of PiCRN8 and PsCRN63 could
be a direct consequence of their damaging the target-cell
genome, whereas the immune-suppression related function
attributed to PsCRN115 might result from degradation of
specific mRNAs.

Other effector domains found in CR proteins

HNH nucleases. We found two distinct clades of the
treble-clef fold HNH endonuclease domains (CR-HNH1
and 2) among the CR-toxin domains (Figure 4A) (12,62).
Both these versions of CR-HNH domains have lost the
ancestral metal-chelating cysteine residues but retain the
characteristic active site histidine (88). In this regard they
are reminiscent of the HNH endonuclease domains we
had earlier described in bacterial polymorphic toxins (12);
however, neither of the versions found in CR proteins
show a specific relationship to these HNH domains. CR-
HNH1 is primarily found in parasitic oomycetes, the fungal
frog pathogen Batrachochytrium and the Feldmannia virus
which belongs to the assemblage of Nucleo-cytoplasmic
large DNA viruses (89). CR-HNH2 has a wider phyletic
spread and is found in several free-living chlorophytes, cer-
tain land plants like the clubmosses, parasitic oomycetes,
and both free-living and parasitic fungi. While in most CR
proteins either clade of HNH domain occurs as the sole
toxin domain (Figure 1B), in a few cases, like in the alga
Volvox, it might occur fused to other domains: (i) with a
C-terminal protein kinase in a configuration similar to the
REase-kinase dyad described above; (ii) with an N-terminal
REase domain (Figure 1M).

LK-nuclease domain. The LK-nuclease is an RNase do-
main found in proteins from the three superkingdoms of
life, including those associated with the germ-cell or nu-
age RNA–protein complexes of eukaryotes (90). It is struc-
turally related to the PIN endoRNase domain (91), which
is frequently found in RNA cleaving toxins of prokary-
otic toxin–antitoxin systems as well as enzymes involved
in eukaryotic rRNA processing and nonsense mediated de-
cay systems (14). We found the LK-nuclease as the toxin
domain in multiple CR proteins from the symbiotic fun-
gus Rhizophagus (Figure 1C). We predict that this nucle-
ase domain is likely to target specific host RNAs via metal-
dependent endoRNase activity similar to known reactions
catalyzed by the PIN domain (92).

Peptidase domains. We found three unrelated types of pep-
tidase domains among the C-terminal toxin domains of
CR proteins. The most widespread of these are the CR-
trypsin domains (Figures 1 and 4B), which are an assem-
blage of previously unrecognized divergent serine peptidase
domains with the trypsin fold (93). Such effectors are found
in fungi, oomycetes and free-living chlorophytes. We recog-
nized at least three distinct clades of CR-trypsin domains,
all of which occur as the sole toxin domain in multiple CR
proteins suggesting that this domain by itself is sufficient
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Figure 4. (A–B) Multiple sequence alignment of CR-HNH nuclease families. (C) Multiple sequence alignment and topology of CR-ubiquitin-like (CR-
Ubl) Header domains. (D–F) Multiple sequence alignment of other lineage-specific Header domains including VP-NTD, Mnag-NTD and Caps-NTD
domains. Protein sequences are labelled by their species abbreviation followed by the NCBI gis. For species abbreviations refer to the Supplementary data.

for effector function (Figure 1B, C and M). However, it is
infrequently fused to an N-terminal protein kinase domain
(gi: 595490980, Mkk1p in Rhizophagus irregularis; Figure
1C), which could perform an auxiliary function as proposed
above.

We also detected a zincin-like metallopeptidase domain
in multiple CR proteins from the oomycete P. infestans
(Figure 1B). While this toxin domain is reminiscent of the
metallopeptidase effector of the parasitic fungus Magno-
porthe oryzae (39), it does not show any specific relation-
ship to it. In the free-living slime mold Dictyostelium fasci-

culatum we uncovered over 10 CR proteins with an Ulp1-
like peptidase domain of the papain-like fold (Figure 1H)
(94,95). This domain always occurs to the C-terminus of
a CR-NTPase+REase dyad (described above). Given its
specific relationship to Ulp1, we propose that it acts as
a deSUMOylating or deubiquitinating enzyme (95) that
might incapacitate the ubiquitin/Ubl-dependent target-cell
immune response that degrades effectors (96).

GIMAP/AIG1-like GTPase domains. GIMAP/AIG1
GTPases, which are related to the septins, are a widespread
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clade of GTPases previously implicated in immunity in
both animals and plants (97). A unifying biochemical
feature of these GTPases appears to be their GTP-
dependent-remodelling of membranes. We found multiple
CR proteins from the fungus Rhizophagus (Figure 1C),
where this GTPase domain is followed by a novel cysteine-
rich C-terminal domain, which we predict to be stabilized
via chelated metal atoms. Given the membrane-associated
role of these GTPases (97), this C-terminal domain might
play a role in further interactions with the membrane.
Interestingly, we had previously reported effectors with
GIMAP/AIG1 GTPase domains in Amoebophilus, the in-
tracellular bacterial symbiont of amoebae, and in unrelated
viruses like the Duck hepatitis A virus and the Anguillid
herpesvirus 1 (1). Moreover, in several eukaryotes, related
GTPases are found fused to the stonustoxin-like domain
(gi: 465958095), which is also involved in membrane in-
teractions (98). This indicates that the GIMAP/AIG1-like
GTPases are used as effectors in a wide range of biological
conflicts. We propose that in the Rhizophagus CR proteins
these GTPase domains are likely to function in membrane
remodelling, which is known to occur as part of the
symbiont-plant-root-cell interface (99).

Non-enzymatic effector domains. We recovered both glob-
ular and membrane-spanning non-enzymatic domains
among the C-terminal toxin domains of CR proteins. Ex-
amples of the former are found in rare CR proteins from
Rhizophagus that display C-terminal POZ and TLD do-
mains (gi: 595477572; Figure 1C). The POZ domain might
function as a substrate adaptor for the cullin E3 ubiquitin
ligases (100) with the C-terminal �-sandwich TLD domain
engaging the actual substrate (101). Thus, these effectors
could coopt the plant host ubiquitin system to modify spe-
cific proteins. We found certain other globular effector do-
mains in chlorophyte CR proteins (Chl-Toxin1, 2, 3; Sup-
plementary material), which we were unable to unify with
any previously known domain and their functions remain
enigmatic. In chlorophyte CR proteins we also found two
distinct CR-toxin domains, which we predict to form mem-
brane spanning domains, both with two TM helices (Fig-
ure 1M; Supplementary material). Based on the precedence
offered by pore-forming toxins (102,103), we propose that
these domains affect their toxicity by breaching membranes.

Miscellaneous transposon-derived domains. In several
cases we found the Header domains of CR proteins or
entire CR proteins fused to transposon-derived domains.
As we found multiple copies of such fusions in the genomes
in which they are present we interpret these as genuine
associations. Most striking of these are fusions of the entire
open reading frame (ORF) of a mobile element to complete
CR proteins in P. sojae (Figure 1B). These mobile element
ORFs contain two DNA polymerase modules (104) fused
to an OTU-like papain fold peptidase domain (105) and
an HNH endoDNase domain distinct from those found in
CR-toxins (Figure 1B). While this mobile element occurs by
itself in multiple copies in P. sojae, it is fused to distinct CR
proteins with different toxin domains in multiple instances.
In the heterolobosean amoeboflagellate Naegleria, the CR
protein Header domains are occasionally fused to active

TRANSIB transposase domains (gi: 290971552) (106). In
both these instances it is conceivable that these fusions to
active mobile elements play a role in the recombination
or proliferation of the CR proteins (see below). Finally, in
multiple oomycetes (Figure 1B) we found helix-turn-helix
(HTH) DNA-binding domains derived from transposases
(68) as the C-terminal effector domains of CR proteins.
It is plausible that in these cases the C-terminal domains
bring about their action by binding DNA in the target cells.

CR-NTD or Header domains

Previous studies on Crn effectors from oomycetes had em-
phatically demonstrated that the N-termini of these pro-
teins contain the determinants for their localization into
plant cells (46). It was proposed that these N-termini con-
tained a secretory signal peptide and that a further down-
stream motif termed ‘FLAK’ (after its conserved amino
acid sequence) was responsible for the actual translocation
into the target cell. Our analysis using two distinct sensitive
sets of hidden Markov models for eukaryotic signal peptides
categorically ruled out the presence of a signal peptide at
the N-termini of these proteins (107,108). Our analysis also
showed that the so-called FLAK peptide is part of a glob-
ular domain that had hitherto not been correctly defined.
Moreover, the FLAK motif is not conserved across all ex-
emplars of this domain (Figure 4C). Further, our analysis
showed that even the extended domain family that encom-
passes versions with the so-called FLAK motif is only one
of numerous Header domains belonging to several distinct
unrelated structural classes. Importantly, we showed that
the same types of C-terminal CR-toxin domains might be
combined with practically every type of N-terminal Header
domain and in some organisms the same type of CR-toxin
domains might be combined with different sets of unrelated
Header domains (Figure 1). This observation indicates that
despite their structural diversity, most Header domains are
likely to have generally comparable functions in translo-
cation of the effector protein into the target cell. While
some Header domains are shared between organisms across
a wide phylogenetic range, others are restricted to single
lineages. This implies that despite their general functional
equivalence there might be notable differences in terms of
the specific proteins with which the Header domains inter-
act in the translocation process. Given that our analysis has
systematically dissected the Header domains in an objective
manner for the first time, we describe in detail their different
classes below.

The Ubiquitin-like Header domain (CR-Ubl). Using
sequence-profile searches we showed that this family
encompasses practically all Header domains of oomycete
Crn proteins, as well as the majority of those from fungi
(Figures 1 and 4C). This family includes all those which
were previously identified as having the FLAK motif
(46) as well as numerous others which lack this motif.
Our sequence profile searches also established that this
Header domain is statistically significantly related to the
N-terminal domain of the SSK1/Mcs4 signaling proteins
from fungi (PSI-BLAST query P. sojae Crn protein, gi:
348686210 recovers SSK1/Mcs4 orthologs with e = 10−5
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to 10−7 in iteration 7 against NR database). Profile–profile
comparisons revealed that this Header domain and the
SSK1/Mcs4 NTD contain an ubiquitin-like (Ubl) domain
specifically related to the Rad23-N clade of Ubls (Figure
4C). All these Ubls are united by a highly variable region
inserted in the ‘connector arm’ that links strand-4 to
strand-5 (109). Accordingly, we named this domain the
CR-Ubl Header domain. Given that SSK1/Mcs4 orthologs
are more widely distributed in fungi than CR proteins with
the CR-Ubl Header, it is possible that this Header domain
was derived from the ancestral SSK1/Mcs4 NTD.

The so-called signal peptide and the FLAK motif that
were claimed for the oomycete Crn effectors respectively
map to the conserved strand-1 and strand-3 of the CR-
Ubl domain (Figure 4C). These observations suggest that,
consistent with previous experimental results (46), the CR-
Ubl domain as a whole is likely to be the primary determi-
nant of translocation into the target cell, rather than just
the mispredicted signal peptide or the FLAK motif. Fun-
gal SSK1/Mcs4 proteins contain C-terminal Receiver do-
mains, which are phosphorylated on an aspartate residue
as part of histidine-kinase-dependent signaling cascades
(24). SSK1/Mcs4 orthologs in different fungi play impor-
tant roles in responses to stresses, such as oxidative and
osmotic shock, in both a phosphorylation-dependent and
independent manner (24,110). They mediate this action by
means of the N-terminal Ubl domain that interacts with the
MAPKKK heteromer. Based on this precedence we sug-
gest that the oomycete and fungal CR proteins gain their
entry into target cells by specific interactions mediated by
the Ubl domain, analogous to those in stress signaling by
SSK1/Mcs4. Furthermore, interactions of the CR-Ubl do-
main with nuclear-localized proteins in the target cell could
also enable them to access the nucleus by translocating in a
complex with the latter (37,38,45,47). CR-Ubl domains are
found in both oomycete and fungal pathogens irrespective
of whether they target animal or plant hosts (Figure 4C).
This suggests that CR-Ubl domain is versatile enough to
mediate interactions with proteins from vastly different sys-
tems, which is also consistent with the variability seen in the
‘connector arm’ region of these domains (Figure 4C).

α-helical Header domains. Unlike the CR-Ubl domain all
the remaining Header domains are various unrelated, en-
tirely �-helical domains (Figures 1 and 4D–F; Supplemen-
tary material). Two of them show a wide phyletic spread:
The first of these is found in CR proteins across the
Viridiplantae lineage, ranging from diverse chlorophyte al-
gae to certain land plants like the club moss Selaginella.
Accordingly, we term it the Viridiplantae (VP) Header do-
main (VP-NTD, Figure 4D) and predict that it adopts a
globular fold, likely in the form of an �-helical bundle. The
second widespread Header is found across distantly related
photosynthetic eukaryotes, such as chlorophyte algae, land
plants, phaeophycean (brown) algae and cryptophyte algae,
and we accordingly term it the photosynthetic (PS) Header
domain (PS-NTD; Figure 1 and Supplementary material).
This Header assumes a coiled-coil structure with at least 10
heptad repeats of which the C-terminal 4–5 heptads have
a characteristic QLR motif (Supplementary material). The
presence of the coiled-coil raises the possibility that effec-

tors with the PS-NTD might undergo dimerization. The re-
maining Header domains show successively more restricted
phyletic spreads. The Ascomycete Header (Asco-NTD) is
restricted to CR proteins from certain ascomycetes making
it the second type of Header domain found in fungi (Fig-
ure 1C). The CR proteins from diverse eudicot plants are
characterized by a Header domain in the form of an HTH
domain of the Myb family (Figure 1M). The remaining �-
helical Header domains are restricted to particular genera,
such as the chlorophyte Monoraphidium neglectum (Mneg-
NTD, Figure 1M), Capsaspora (Caps-NTD1,2,3, Figure
1I) and Naegleria (Figure 1F). Of these the Header from
Naegleria is predicted to adopt an �-helical fold similar to
the SAM domain (Figure 1F) (111). The VSGA Header,
so named due it being encoded in chromosomal proximity
to the VSG genes, is found only in the RHSPs from try-
panosomes (Figure 1D) and is predicted to adopt an �-
helical bundle fold. Unlike their trypanosome homologs,
CR proteins from the related kinetoplastid Angomonas, a
gut parasite of insects, are typified by a Header domain that
is unrelated to the VSGA domain. Notably, the C-terminal
region of the Angomonas Header (Ango-NTD) has an �-
helical element with 10 successive hydrophobic residues,
suggesting that it might directly interact with membranes
(Figure 1D and Supplementary material).

This diversity of Header domains suggests that several
distinct structural scaffolds, especially of the �-helical type,
can effectively perform an equivalent function. This rein-
forces the idea that most Header domains primarily func-
tion through mediating specific interactions with other pro-
teins, which are potentially from the target cell, to bring
about their translocation. Thus, as long as a structure can
mediate such interactions, there is no constraint on the
particular fold the Header domain might adopt. However,
we suspect that certain Header domains are likely to have
unique mechanisms of action. Interestingly, despite the fact
that most CR proteins are likely to be used as secreted ef-
fectors, the Angomonas Header (Ango-NTD; Figure 1D) is
the only one that shows a hydrophobic region suggestive of
membrane interaction. This suggests that its mode of action
is likely to be different from that of VSGA domain of the
related trypanosomes, and might involve direct interactions
with the target cell membrane. In contrast, Myb domains
have been implicated in DNA-binding (68); hence, the eu-
dicot CR proteins (Figure 1M) with this domain might not
be secreted but perhaps function to directly target intracel-
lular invasive DNA.

Reconstructing the evolutionary history of the CR proteins

The dominant CR proteins have evolved from prokaryotic
transposons. Our identification of the CR-NTPase do-
mains as members of the STAND-CDC6/ORC1 clade of
AAA+ NTPases helps elucidate the provenance of the CR
proteins (Figure 2E). The STAND-CDC6/ORC1 proba-
bly emerged in archaea, where CDC6/ORC1 proteins are
central players in recognition of origins of replication (68).
From the prototypical CDC6/ORC1 enzyme a version
emerged wherein the ancestral NTPase was coupled to one
or more endonuclease domains, either in the same polypep-
tide or in a distinct polypeptide encoded by the same
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operon, which allowed the mobility of these units (Fig-
ure 2E). These versions then spread throughout prokary-
otes and diversified into various elements, ranging from
transposons typified by TN7 to bacteriophages such as Mu
(75,83). One further version appears to have emerged in
proteobacteria, namely, the GspA/ExeA proteins, wherein
a similar STAND-CDC6/ORC1 NTPase domain is com-
bined with diverse C-terminal peptidoglycan-binding do-
mains (Supplementary material). Consistent with this ar-
chitecture, the GspA/ExeA proteins have been shown to
remodel peptidoglycan to facilitate protein export via the
type-II secretion system (73). However, our analysis re-
vealed that several NTPases close to the GspA/ExeA pro-
teins are operonically linked to Mu-type transposases (Sup-
plementary material), suggesting that even the GspA/ExeA
proteins are likely to be a proteobacteria-specific deriva-
tion from ancestral mobile versions linked to transposases.
Given that the CR-NTPases are coupled to C-terminal
REase domains they present an architecture that is identical
to the ancestral mobile version seen in prokaryotes. More-
over, they represent only one among a more diverse array of
architectural/operonic themes in prokaryotes (Figure 2E)
supporting the idea that the CR-NTPase-REase dyad of
eukaryotes was derived from a prokaryotic mobile element
with the same combination of domains.

Eukaryotic diversification of CR proteins: multiple acqui-
sitions from prokaryotes and lineage-specific expansions.
Consistent with their primary role as transposases of in-
tragenomic elements or viruses, there is no evidence that
the prokaryotic versions have equivalents of the Header (N-
terminal) domains seen in eukaryotes. It is possible that
some of the prokaryotic versions are deployed against intra-
cellular invasive DNA but they are unlikely to be deployed
as effectors against other cells. Thus, their deployment in
eukaryotes as effectors delivered into target cells marks a
notable functional shift. This seems to have proceeded via
combination of the CR-NTPase+CR-REase dyads with di-
verse N-terminal domains, which enabled their export in eu-
karyotes. Given that the CR-Ubl domain is the most fre-
quently encountered Header in the CR proteins, it is possi-
ble that this was one of the early combinations that allowed
their deployment as effectors in fungi followed by their ac-
quisition by oomycetes by lateral transfer. In eukaryotes a
major trend in the subsequent evolution of the CR pro-
teins appears to have been LSE (Figure 5A–F). Pulses of
LSEs with relatively low levels of inter-paralog sequence di-
vergence were accompanied by occasional spurts of major
sequence divergence resulting in founding of new clades of
CR-NTPases. Given the transposon ancestry of at least the
CR-NTPase+CR-REase dyad, it would be of interest to in-
vestigate if some of them retain their capacity for mobil-
ity, thereby facilitating their own proliferation in eukaryotic
genomes. Multiple clades of CR-NTPase+CR-REase dyads
as well as other CR protein domains are shared between dis-
tantly related eukaryotes (Figures 2 and 3). Thus, in addi-
tion to LSEs, CR-effector domains in particular might also
be prone to lateral transfers between distant branches of the
eukaryotic tree.

Our phylogenetic analysis also revealed a second notable
process in the evolution of eukaryotic CR proteins––the re-

peated acquisition of CR-NTPase and REase domains via
lateral transfer of prokaryotic transposons into eukaryotes
(Figure 5D–F). The eukaryotic CR-NTPase-5+REase3 and
CR-NTPase9+REase3 dyads form a higher order group-
ing, which in turn group with bacterial versions to the ex-
clusion of all other CR-NTPase+CR-REase dyads (Figure
5E). These observations suggest that while there was an
ancient acquisition of CR-NTPase+REase dyads followed
by their proliferation and dissemination across eukaryotes,
some others were acquired due to subsequent lateral trans-
fers. Further, the eukaryotic CR-NTPase8+REase7 dyads
are interspersed within the radiation of their bacterial cog-
nates pointing to at least four independent transfers of this
dyad from bacteria. At least one of these, seen in animals,
can be clearly linked to bacterial versions from intracellu-
lar symbiotic rickettsiae suggesting that such associations
might have served as conduits for transfers (Figure 5D).
Interestingly, these dyads are seldom combined with any
Header domains. This raises the possibility that they are rel-
atively recent transfers that still retain their ancestral trans-
poson state and are yet to be incorporated as full-fledged
effectors. In the case of the CR-REase+Kinase dyads we
found that the kinase domains are clearly eukaryotic in ori-
gin. However, the REase domains are ultimately related to
prokaryotic versions from which they are likely to have been
derived. In at least one case, CR-REase-5, the REase do-
main shows clear affinities to a bacterial REase domain to
the exclusion of other CR-REase domains (Figure 5F). This
suggests that on at least one occasion the REase domain of
the REase+kinase dyad was displaced by an independently
acquired version from bacteria while preserving the overall
domain architecture. Similarly, the two CR-HNH and the
CR-trypsin domains appear to have also been originally ac-
quired from bacteria (Figure 4A and B).

The modular evolution of CR proteins. While the archi-
tectural modularity of Crn effectors have been recognized
and discussed in several previous studies (32,37,48), until
this study their constituent domains had never been cor-
rectly defined and analyzed in functional terms. This al-
lows us to obtain a proper understanding regarding the
role of modularity in evolution of the larger class of CR
proteins as defined here. First, the principle of combina-
tion of different C-terminal effector domains with unrelated
Header domains appears to be preserved across major eu-
karyotic lineages suggesting that this organizational prin-
ciple enforces a strong selective pressure to repeatedly se-
lect for similar architectures (Figure 1). Thus, the CR pro-
teins as a class are united by two orthogonal features: (i)
shared Header and/or CR-toxin domains and (ii) similar-
ity in domain architectural organization (Figure 1). In this
respect they resemble the prokaryotic polymorphic and re-
lated toxins, which also strongly preserve a certain domain
architectural template (11). Second, the finding that cat-
alytic effector domains have been repeatedly acquired from
bacteria or laterally transferred between distantly related
eukaryotes implies that the system of CR proteins provides
a niche for diverse catalytic domains with effector capabil-
ity. Hence, selection for varied means of attacking target
cells appears to be a notable driver that has allowed CR
proteins to incorporate a range of effector domains from
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Figure 5. (A–F) Phylogenetic trees illustrating LSEs of eukaryotic CR protein domains and specific gene transfers from bacterial homologs (indicated by
the curved arrows). LSEs are shown as coloured triangles/sectors in the tree. Bootstrap values are shown for the major branches only. The bacterial branches
are coloured black. The complete trees from which these were derived can be retrieved from the Supplementary data. For species abbreviations refer to
‘Materials and Methods’. (G) Positional entropy comparison between CR-NTD and CR toxin domains. (H) Entropy plot for CR-Ubl 1+ CR-REase 2
type proteins in P. infestans.
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diverse sources. The newly acquired effector domains are
likely incorporated by displacement of the original effector
domain thereby retaining the characteristic CR protein ar-
chitectural template. However, the total variety of toxin do-
mains thus far found in the CR proteins appears to be lower
than what is found in the prokaryotic polymorphic toxins
and related systems (11). This is probably related to the abil-
ity of eukaryotes to diversify their effector repertoire within
their larger genomes via LSEs. This probably allows them to
use a diversified repertoire of the same type of effector do-
main as opposed to multiple unrelated domains. The pres-
ence of multiple paralogs also relates to the results of mul-
tiple studies (32,37,48), which have demonstrated recombi-
nation between paralogous Crn effector genes in oomycetes
and fragments thereof. Mapping the results of these stud-
ies on to our domain definitions suggests that these recom-
bination events, likely driven by gene conversion, result in
CR proteins with distantly related CR-toxin domains hav-
ing very similar Header domains and vice versa.

While the above principles provide a general explanation
for modularity of CR proteins, we used the newly obtained
domain definitions to map sequence variability on to the
different domains to understand other selective pressures
that might be influencing the modularity of these proteins.
To do this, we first created sets of lineage-specifically ex-
panded CR proteins, which had 15 or greater representa-
tives in an organism with homology spanning the entire
length of the protein. We created multiple alignments for
each of these sets and computed Shannon entropy (‘Mate-
rials and Methods’) for each position. Plots of these val-
ues provide a measure of the sequence variability across a
given domain (Figure 5G). Finally, we used these values to
compute mean entropy per domain. Comparison of mean
entropy per domain reveals interesting features in different
organisms. In the case of CR proteins with a CR-Ubl+CR-
REase2 combination from P. infestans we found that the N-
terminal CR-Ubl domain is significantly more variable than
the CR-REase2 domain (Figure 5H). In the case of CR pro-
teins with the CR-Ubl+CR-NTPase1+CR-REase1 combi-
nation from Batrachochytrium the pattern was the oppo-
site: the CR-Ubl domain was significantly less variable com-
pared to the two C-terminal catalytic domains from the ef-
fector part of the protein (Figure 5G). In the case of CR pro-
teins with an Asco-NTD+CR-REase8+CR-kinase archi-
tecture from Claviceps purpurea we observed that the Asco-
NTD and REase domains were significantly more variable
than the C-terminal kinase domain (Figure 5G). Finally, in
the case of the clubmoss Selaginella we found that in CR
proteins with CR-REase-4 and the CR-Kinase domains,
both domains were similarly variable with no significant dif-
ference in their per domain mean entropy (Figure 5G).

These observations were intriguing because, though they
indicate a general propensity for differential variability of
the domains within lineage-specifically expanded CR pro-
teins, there was no common tendency with respect to the dif-
ferential variability of the domains in the CR proteins. This
is in sharp contrast to the prokaryotic polymorphic toxins
and related effectors, wherein the C-terminal effectors as a
rule show much greater variability and/or polymorphism
relative to their N-terminal regions associated with secre-
tion and/or trafficking (11,12). This suggests that there are

notable differences in selective pressures faced by the eu-
karyotic effectors. One possibility could be differences in the
type of immune response deployed against these effectors.
It is possible that CR proteins of oomycete plant pathogens
like P. infestans are countered by specific intracellular de-
fense mechanisms (e.g. F-Box-E3 Ubiquitin ligases or TIR-
AP-ATPase-LRR family resistance proteins (112,113)) be-
fore or as they are trafficked to the nucleus. Thus, these
could face greater pressure for variability of the N-terminal
CR-Ubl domain for evading interactions with such immune
mechanisms. In these proteins it appears there is little di-
versification of the effector domain; hence, once these CR
proteins evade immune detection, which appears to primar-
ily target the CR-Ubl Header, there is little role for devel-
opment of resistance against the actual effector domain as
a counter-mechanism (Figure 5H). In the CR proteins of
the plant pathogenic fungus Claviceps purpurea (Cpur in
Figure 5G) the lower variability of the CR-kinase domain
might reflect its above-proposed auxiliary role in targeting
of a conserved cellular protein to ward off destabilization of
the effector. However, in these proteins the primary effec-
tor domain (CR-REase-8) is as comparably variable as the
Header (Asco-NTD; Figure 5G). This pressure for diversi-
fication of the effector domain, unlike in the P. infestans ex-
ample, might reflect its nucleic target sequences being more
prone to variability and thereby development of resistance.
A similar situation is seen in the chytrid animal pathogen
Batrachochytrium (Bden in Figure 5G), suggesting that here
too the effector domains might face similar pressures for di-
versification as in the example from Claviceps. However, in
this case the low variability of the CR-Ubl Header domain
suggests that these effectors might not be the target of an
intracellular immune response comparable to what may be
inferred in the plant pathogens.

Functional diversity of the CR proteins

Possible transposase-effector duality of CR proteins in eu-
karyotic pathogens and symbionts. The archetypal CR
proteins were defined as effectors of certain fungi and
oomycetes (30,37,44–46). In this work we have detected
such CR proteins more widely across not just fungal
pathogens but also pathogens/symbionts belonging to mul-
tiple distant clades of eukaryotes: Plasmodiophora from the
rhizarian lineage (Figure 1G), Capsaspora which is a basal
branch of the animal lineage (Figure 1I) and the kineto-
plastids from the euglenozoan lineage (Figure 1D). Plas-
modiophora mimics the pathogenic behaviour of fungal and
oomycete pathogens in general terms and has undergone
multiple lateral transfers with them (114). Hence, their pres-
ence here is unsurprising and the CR proteins are likely
to function as effectors. Capsaspora is a symbiont/parasite
that lives in the snail blood and kills trematodes like Schis-
tosoma mansoni that infect the snail (115). The exact mech-
anism by which Capsaspora attacks the trematode para-
sites of the snail has not been elucidated. Given the pres-
ence of CR proteins with CR-NTPase+CR-REase and
CR-REase+CR-kinase architectures combined with dis-
tinct Headers (Caps-NTD1-3), we propose that these might
be potential effectors used by Capsaspora either in interac-
tions with snail host or the nematode parasites of the snail.
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Detection of CR proteins in both trypanosomes that in-
fect humans and other mammals (agents of sleeping sick-
ness, Trypanosoma brucei; Chagas disease, T. cruzi; Na-
gana disease, T. vivax) and their insect-pathogenic rela-
tives (Angomonas and Strigomonas) is more surprising be-
cause this raises questions regarding the possible signifi-
cance of these proteins for the pathogenesis of these or-
ganisms (Figure 1D). CR proteins in Trypanosoma cruzi
and T. brucei (RHSP) are encoded in subtelomeric regions
alongside members of several multigene families, includ-
ing trans-Sialidase, MASP, Mucin, VSG and dispersed gene
family-1, which have been proposed to have a role in patho-
genesis (58,59,116). Previous studies have also shown that
trypanosome CR proteins have several pseudogenes and
their complements show considerable variability between
strains due to the rampant recombination events in sub-
telomeric regions (58,59). These studies on T.brucei RHSPs
have suggested that they are produced in the procyclic
stage in the Tsetse fly and human bloodstream forms and
are likely expressed throughout the lifecycle of the para-
site (58). Based on generic antisera the RSHPs were de-
tected as being present in the parasite nucleus and perin-
uclear region (58). Given that all CR proteins from kine-
toplastids are architecturally equivalent to the prokary-
otic transposases, this expression pattern is more consis-
tent with them having a transposase function in the para-
site nucleus. Indeed, their active CR-REase1 domain could
catalyze DNA breaks to facilitate the high frequency of
recombination in subtelomeric regions. This could have
a potential role in generating diversity in the neighbour-
ing genes which might play a role in parasite-host interac-
tions. On the other hand, the presence of a distinct Header
domain (the VSGA domain) raises the possibility that at
least a subset of RHSPs are delivered as effectors into host
cells. If this were the case it would imply that kinetoplas-
tid RHSPs could function as effectors just as in the case
of fungi. Interestingly, our analysis suggests that the insect-
pathogenic forms like Angomonas and Strigomonas have ac-
quired their CR proteins (Ango-NTD+CR-NTPase7+CR-
REase6) independently of the versions in the trypanoso-
matids (VSGA+CR-NTPase1+CR-REase1) (Figure 1D).
This suggests there might have been strong selection to ac-
quire CR proteins, which in turn might favour the hypoth-
esis of at least some of them functioning as effectors.

Conversely, even in the case of other eukaryotic
pathogens, where the effector role appears more likely,
at least some CR proteins with the dominant CR-
NTPase+CR-REase architectures could retain their ances-
tral transposase-like activity to drive recombination via in-
troduction of single-strand breaks. This could possibly ad-
ditionally help explain the widespread recombination ob-
served in the CR protein genes of oomycete and fungal
pathogens and mycorrhizal symbionts (32,37,41,48) com-
parable to what is seen in the kinetoplastids (58,59,116).
However, the CR proteins with architectures other than the
CR-NTPase+CR-REase combination are likely to function
solely as effectors.

Role for CR proteins in free-living organisms. One of the
striking results of this study is the recovery of CR pro-
teins in phylogenetically diverse free-living eukaryotes in-

cluding chlorophyte algae, land plants, amoebozoans, free-
living fungi (e.g mushrooms), choanoflagellates, animals
and Naegleria gruberi (Figure 1 and Supplementary ma-
terial). The simplest explanation for the occurrence of CR
proteins in these lineages could be that they retain the an-
cestral state of being transposons and are not deployed
as secreted effectors. Such an explanation could be valid
for those CR proteins showing the transposase-like archi-
tectures (i.e. CR-NTPase+CR-REase without Header do-
mains). Given the low inter-paralog sequence divergence,
this appears plausible for the CR-NTPase+CR-REase dyad
in the beetle Tribolium (Figure 1K) and a subset of those
in land plants like Selaginella and Physcomitrella (Figure
1M), all lacking N-terminal Header domains and show-
ing signs of recent proliferation. In the beetle Tribolium,
genes coding for the CR-NTPase8+REase7 dyad have dis-
persed across the genome upon recent proliferation (Fig-
ure 5D). Further, at least one of these copies, correspond-
ing to the Medea1 element, shows evidence for insertion
into a preexisting Tc1 transposon (60), thereby providing
evidence for the mobility of these genes within eukaryotic
genomes. However, in an interesting twist, the Medea1 el-
ement exhibits unusual behaviour (117): (i) its product, ei-
ther transcript or protein, is maternally transmitted via the
egg; (ii) the Medea1 product post-zygotically kills all devel-
oping animals that lack at least one copy of the Medea1
locus inherited from their parents. We propose that this be-
haviour represents an intermediate condition between be-
ing just a pure transposon or a pure effector. The killing of
the Medea1-locus-lacking offspring is likely caused by the
maternally derived Medea1-encoded CR-NTPase8-REase7
dyad endonucleolytically cleaving their genome. This cleav-
age probably happens in the neuro-muscular tissues dur-
ing development as death is preceded by paralysis (117).
In contrast, we posit that a phenomenon similar to target-
immunity likely rescues the genome of those offspring with
a functional Medea1 locus. In light of this it is conceivable
that the other uncharacterized Medea loci (Medea2-4) in
Tribolium (2,60,117) are the additional copies of this ele-
ment.

A transposon role is less likely for CR-NTPase+CR-
REase dyads, which display a clear Header domain, and
those architectures with other effector domains, such as
the REase+Kinase dyad, the GIMAP/AIG1-like GTPase,
the peptidase CR-trypsin or potential pore-forming toxins.
Additionally, the more extensive inter-paralog divergence
observed in some of the CR-NTPase+CR-REase combi-
nations lacking the Header domain (e.g. in amoebozoans)
suggests that these forms are unlikely to have arisen from
recent transposition events; this raises the possibility that
they might have been fixed due to recruitment for other
functions. Based on the existing precedence offered by the
prokaryotic polymorphic toxins and related systems we pro-
pose that one possible function for the CR proteins (in par-
ticular those with distinct Header domains) in free-living
eukaryotes is in conflict with other free-living forms. Just as
prokaryotes deploy polymorphic toxins in conflicts between
non-kin of the same species (11,20), it is conceivable that at
least the microbial eukaryotes deploy CR proteins as effec-
tors in comparable conflicts arising from competition with
non-kin cells for common limiting resources and niches.
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However, other functions are possible, especially for
those with a transposase-like architecture, and lacking a
Header domain. They could be deployed in intracellular
conflicts involving parasitic nucleic acids, either in restric-
tion of viral nucleic acids or as ‘policing’ agents that help re-
strict other transposons by specifically targeting them prior
to or during integration. Such functions are particularly at-
tractive for the versions from multicellular land plants (e.g.
those from Arabidopsis, Vitis, Solanum and Theobroma)
which have an N-terminal Myb domain (Figure 1M). Alter-
natively, in these multicellular organisms CR proteins could
be used as counter-effectors against pathogens and mycor-
rhizal symbionts, such as oomycetes and fungi, which form
intimate contacts with the plant cells. A further possibil-
ity is suggested by comparisons with expansions related to
STAND-CDC6/ORC1 NTPases in prokaryotes. The pro-
totypical members of this clade, the multiple paralogs of the
archaeal CDC6/ORC1 proteins, recognize distinct origins
of replication to either recruit the pre-initiation complex or
in some cases negatively regulate the assembly of this com-
plex (64,66,69). In both phage Mu and TN7, the NTPase
subunit (respectively MuB and TnsC) of the transposase
functions not only in recruitment of the endonuclease sub-
unit(s) but also in target inhibition, i.e. inhibition of integra-
tion of another transposon at the same site (76,82,83). This
indicates that a common functional denominator across this
clade of NTPases is the recruitment of or the inhibition of
assembly of protein complexes relating to replication and
transposition. Hence, it is conceivable that such a role is
more generally exploited across members of this clade. Sev-
eral expansions related to the MNS clade STAND NTPases
in archaea such as Methanococcus and Sulfolobus lack the
associated endonuclease domain (either as a C-terminal do-
main or an adjacent gene in an operon). Such versions could
potentially serve as a defensive strategy to block invasion of
the genome by transposons by means of a target immunity-
like activity. Likewise, the CR proteins with the CR-NTPase
domains could also function similarly, especially in free-
living organisms, to inhibit the action of effectors deployed
by parasites, or the integration of transposons and viruses.

CONCLUSIONS

The above analysis of CR proteins suggests that they repre-
sent a wide-spread phenomenon in eukaryotes that encom-
passes and goes beyond host-pathogen interactions. The
systematic delineation of domains in CR proteins along
with the establishment of their basic architectural logic
helps us understand their mechanism of action––both in
terms of their effector function and trafficking (Figure 1).
Thus, we are able to present a unified model for the action
of a major class of eukaryotic effectors with both similari-
ties and unique features when compared to their prokary-
otic counterparts. Their effector moieties are predicted to
primarily attack nucleic acids in target cells, though we re-
covered some others which are predicted to target proteins,
utilize the target-cell Ubl system or breach membranes. In
this respect they are comparable to their prokaryotic coun-
terparts, in particular the polymorphic toxins and related
systems (11–13). However, it should be noted that though
the eukaryotic and prokaryotic systems share multiple cat-

alytic domain superfamilies that function as effectors, the
numerically dominant superfamilies in either system are dif-
ferent. CR proteins are unique in terms of their trafficking
mechanisms. While signal peptides were previously claimed
for some Crn effectors, we were able to dispel this possibility.
Rather, we show that the eukaryotic CR proteins as a group
are characterized by numerous distinct Header domains
that include a widespread Rad23-like Ubl and several dis-
tinct �-helical domains. This pattern along with the absence
of signal peptides to secrete these proteins via the general se-
cretory pathway raises a key question regarding their export
from the producing cell. Several eukaryotic and prokaryotic
parasites have been proposed to secrete microvesicles, which
might then fuse with the membrane of target cells to deliver
their cargo (118,119). The signal-peptide-less architectures
of the CR proteins suggest that this might be the dominant
mechanism for the export of these effectors. In this proposal
the Header domains could help in mediating specific inter-
actions with other proteins or perhaps the membrane (in
the case of the Angomonas Header) that allow them to be
sequestered into such microvesicles.

The finding that the dominant architecture of CR pro-
teins is related to transposases brings together multiple dis-
parate areas of biological conflicts, i.e. intragenomic con-
flicts involving transposons, selfish elements that spread in
populations (e.g. Tribolium Medea), and interorganismal
conflicts involving secreted effectors. We had earlier noted
that certain ‘preferred’ domains tend to be frequently ex-
changed between different conflict systems (7)––this study
provides further evidence in this regard by showing how the
CR-NTPase+CR-REase combination is potentially used
both as a transposase and as an effector. Parallel to the
selfish transmission of Medea, recent studies also suggest
that post-recombination distortion of transmission might
increase the number of recombinant offspring as part of
response to parasites and pathogens (120). It remains to
be seen if elements coding for CR proteins might have
a role in phenomena such as these in organisms coding
for them. Moreover, we also suggest that at least some
of these CR proteins might retain their transposase-like
function in eukaryotes and potentially facilitate diversifi-
cation of multigene clusters in repetitive genomic regions
by triggering recombination via their endonuclease activ-
ity. If this were indeed the case then these CR proteins
might join other transposase-derived diversity generating
systems, such as the Transib transposon-derived system
in generation of diversity in jawed-vertebrate immune re-
ceptors (106) and retroelement-derived diversity generating
systems in prokaryotes/bacteriophages (121). The identifi-
cation of bacterial polymorphic toxins and related systems
revealed that effectors are not only used in pathogen-host
interactions but also in conflicts for resources between free-
living forms (11). While in principle such systems should
exist in eukaryotes, they have not been characterized at the
molecular level. Identification of CR proteins in free-living
eukaryotes provides a potential candidate for such systems.
Thus, it opens new opportunities for investigating such con-
flicts that hitherto remained poorly understood in eukary-
otes. Further, a subset of the CR proteins, which are not
secreted, might provide insights into intracellular immunity
mechanisms against invasive nucleic acids or parasites.
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In conclusion, this study provides a framework to inves-
tigate this widespread class of proteins, which might help
clarify multiple poorly understood biological conflicts of
eukaryotes. Moreover, the effector domains, in particular
the nucleases, characterized here also have the potential for
being developed as reagents to target cellular nucleic acids
with the objective of engineering specific outcomes.
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