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ABSTRACT

Group Il introns are a major class of ribozymes found in bacteria, mitochondria, and plastids. Many introns contain reverse
transcriptase open reading frames (ORFs) that confer mobility to the introns and allow them to persist as selfish DNAs. Here, we
report an updated compilation of group Il introns in Eubacteria and Archaea comprising 234 introns. One new phylogenetic
class is identified, as well as several specialized lineages. In addition, we undertake a detailed search for ORF-less group Il
introns in bacterial genomes in order to find undiscovered introns that either entirely lack an ORF or encode a novel ORF.
Unlike organellar group Il introns, we find only a handful of ORF-less introns in bacteria, suggesting that if a substantial number
exist, they must be divergent from known introns. Together, these results highlight the retroelement character of bacterial group

Il introns, and suggest that their long-term survival is dependent upon retromobility.

Keywords: reverse transcriptase; retroelement; intron-encoded protein; evolution

INTRODUCTION

Group II introns are ribozymes and retroelements found in
the genomes of organelles and bacteria (i.e., Eubacteria and
Archaea) (Michel and Ferat 1995; Dai and Zimmerly 2003;
Lambowitz and Zimmerly 2004; Toro et al. 2007). Group 1I
introns in bacteria primarily act as retroelements and con-
sist of a catalytic RNA structure and an intron-encoded
protein (IEP). In contrast, introns in mitochondria and
plastids frequently lack the IEP and are mobile. The RNA
structures of group II introns are comprised of six domains
(DI-DVI) that fold into a conserved secondary structure
(Fig. 1A). The RNAs are capable of catalyzing intron
splicing, although in vivo this activity is usually dependent
on protein assistance. The IEPs are multifunctional and
encode domains for reverse transcriptase activity (RT),
splicing/maturase function (X/thumb), DNA binding (D),
and sometimes endonuclease activity (En) (Fig. 1B).
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Mobility of group II introns occurs by a well-defined
mechanism that is carried out by a ribonucleoprotein
(RNP) composed of the intron lariat and two subunits of
the IEP (Lambowitz and Zimmerly 2004). The RNP recog-
nizes a DNA target site, and the intron RNA reverse splices
into the top strand of the duplex. The IEP cleaves the
bottom strand with the En domain and reverse transcribes
the integrated intron using the RT domain (Lambowitz and
Zimmerly 2004). Many IEPs in bacteria lack the En do-
main, and mobility of these introns requires a primer
provided by the DNA replication fork (Ichiyanagi et al.
2002; Zhong and Lambowitz 2003). In general, mobility of
group II introns is highly site-specific to a ~35-base-pair
(bp) target and is known as retrohoming. At a much lower
frequency, introns are able to invade noncognate sites through
retrotransposition (Cousineau et al. 2000; Martinez-Abarca
and Toro 2000b; Ichiyanagi et al. 2002). A third substrate
specificity is seen for a phylogenetic subclass (class C,
below) in which the introns insert after diverse intrinsic
terminator motifs (Granlund et al. 2001; Dai and Zimmerly
2002; Robart et al. 2007).

The IEPs of bacterial group II introns are more diverse
phylogenetically than those in organelles, although organ-
ellar introns can be more degenerate in RNA structure (e.g.,
Choquet et al. 1988; Copertino et al. 1994). Based on
phylogenies constructed from ORF sequences, several
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FIGURE 1. Structure of group II intron RNAs and ORFs. (A)
Secondary structure of a group ITA intron RNA showing exons (thick
black lines) and ORF (dotted black line). Roman letters (sometimes
followed by a lowercase letter) indicate the six RNA domains and their
subdomains. EBS and IBS refer to the exon and intron binding sites,
respectively. Tertiary interactions are shown with Greek letters and
either thick gray lines (Watson—Crick base pairs) or gray boxes (non-
pairing interactions). (B) Intron-encoded ORF structure, consisting of
the RT domain (subdomains 0-7), maturase (X/thumb), DNA-binding
(D), and endonuclease (En) domains. The endonuclease domain is
absent in some group II introns, as symbolized by parentheses in the
figure.

classes of group II introns have been established (chloroplast-
like [CL], mitochondrial-like [ML], and bacterial classes A,
B, C, D, E) (Zimmerly et al. 2001; Toro et al. 2002). While
introns from all phylogenetic classes are present in bacteria,
only classes CL and ML are found in organelles. In addition,
each ORF phylogenetic class is associated with a distinct RNA
secondary structure (Toor et al. 2001; Ferat et al. 2003; Toro
2003). For example, classes ML and CL have IIA and IIB
secondary structures, respectively (Michel et al. 1989), while
class C introns have IIC structures that exhibit a number of
unique features (Martinez-Abarca and Toro 2000a; Granlund
et al. 2001; Toor et al. 2001; Robart et al. 2007).

Based on the general concordance of RNA structural
types and ORF phylogenetic classes, as well as the phylo-
genetic distribution of intron types, we previously proposed
an evolutionary scenario called the “retroelement ancestor
hypothesis.” This hypothesis predicts that group II ribo-
zymes differentiated into their known structural forms
(ITA, 1IB, IIC) as components of retroelements in bacteria
and then migrated to organelles where many types of
degeneration occurred (Toor et al. 2001). A similar idea
was proposed by Fontaine et al. (1997). Alternative scenar-
ios are also possible, such as an organellar origin of group II

introns or multiple introductions of RT ORFs into different
ribozyme subtypes, but these appear less parsimonious.

Given the diversity of known group II introns, continued
exploration of sequence data is likely to reveal additional
structural variations and specialized lineages. One limita-
tion to fully understanding group II introns in bacteria is
that ORF-less introns are very difficult to identify, due to
the lack of sequence conservation outside of the intron-
encoded protein. In the past, we have identified group II
introns on the basis of their RT ORFs. While this method is
quite successful in finding diverse introns, it obviously
would miss those that either do not encode RT ORFs or
encode ORFs of a different family (e.g., a homing endo-
nuclease, as in Toor and Zimmerly [2002]). This method-
ological weakness is exacerbated by the fact that bacterial
group II introns frequently inhabit intergenic regions and
mobile DNAs (Dai and Zimmerly 2002; Klein and Dunny
2002). It is therefore important to conduct a general search
for group II introns in bacterial genomes based on RNA
structural features, independently of the ORF.

In this paper, we update our knowledge of group II
intron diversity in Eubacteria and Archaea. We expand our
previous compilation (Dai and Zimmerly 2002) by an
additional 195 full-length introns, and identify one new
ORF phylogenetic class that has a characteristic RNA
structure. In addition, we highlight a number of specialized
intron lineages that appear to have adapted unusual
features for either splicing or mobility. Finally, the results
of our search suggest that there is not a significant number
of overlooked ORF-less group II introns in bacteria, thus
reinforcing the retroelement nature of group II introns in
bacteria.

RESULTS AND DISCUSSION

Identification and classification of group Il introns
in bacteria

Group II introns were identified in GenBank by a strategy
previously described (Dai and Zimmerly 2002), in which
RT OREFs are first located by BLAST searches and then the
surrounding intron RNAs are identified and folded (see
Materials and Methods). Using this method, 180 new ORF-
containing introns were identified and added to our data-
base (http://www.fw.ucalgary.ca/group2introns/), making a
collection of 219 full-length ORF-containing group II
introns in bacteria. The database also includes 15 ORF-
less introns (see Table 1 and below) and a selection of
organellar ORF-encoding introns. This collection of raw
information forms the basis for the analyses presented here.

A phylogenetic tree of the bacterial IEPs in our data set
(Fig. 2) shows each previously established ORF class (A, B,
C, D, E, CL, ML) to be a monophyletic group (Zimmerly
et al. 2001; Toro et al. 2002) with one additional class (F).
Class F is defined conservatively as a small group that is
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Group Il introns in bacteria

corroborated by a clearly shared secondary structure (Fig.
3A). Although there is not bootstrap support for class F in
Figure 2, a bootstrap value of 73% is obtained when the
unclassified introns basal to this group are excluded (see
Fig. 2 legend). The RNA secondary structures of class F are
type IIB (Fig. 3A), and the characteristic features include a
unique & motif, a bulge loop in subdomain Id3(ii) (shared
with classes B, C, and E), the presence of o’ at the end of a
stem—loop (shared with classes D and E), and a DV(ii)
stem—loop of 4 bp with a 5-nucleotide (nt) loop (shared
with class E).

The updated compilation also shows new subdivisions
within previously identified phylogenetic classes. Class E is
split into two clades, E1 and E2, which might be considered
separate classes based on phylogenetic analysis alone;
however, their RNA structures are nearly identical (Fig.
3B), and so we consider them a single class. There are two
significant differences between their secondary structures.
El introns appear to lack the k—k’ interaction and have a
conserved G-A mispair in DV, whereas most E2 introns
possess a typical k—k’ motif and have a G-U wobble base

alternate 3" splice site

*
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uc
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“uc
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FIGURE 2. Phylogenetic tree of group II intron-encoded proteins. ORFs were subjected to
phylogenetic analyses using RAXML (see Materials and Methods). Asterisks indicate introns
present in our previous compilation (Dai and Zimmerly 2002). The major groups are labeled
classes A-F, mitochondrial-like (ML), and chloroplast-like (CL), with five ORFs remaining
unclassified (UC). The proposed new class of introns (F) and specialized lineages (as discussed
in the text) are shown with gray sectors or squares at the tips. The inset “insertion in DI”
indicates monophyly of the 11 introns in separate analysis of CL1 introns containing a greater
number of characters (see Materials and Methods). Black dots indicate nodes with bootstrap
support of =70%. Nodes uniting multiple classes were collapsed if the bootstrap value was
<50%. Although the node uniting ML and B has a high bootstrap value, it is not supported in
other analyses (not shown) and should be interpreted cautiously. The number in parentheses
at the node uniting class F is the bootstrap value when the analysis was repeated excluding the

three unclassified introns at its base.

insertion in DI

pair in DV. The k—«' interaction is important to the group
IT RNA structure, because along with (' it forms a dock-
ing interaction between DI and DV. For the al5vy intron,
this interaction is a “folding control element” for the entire
intron (Waldsich and Pyle 2007). The absence of this motif
in the E1 subclass suggests that the RNA either has an equiv-
alent or compensating RNA interaction, or that a different
folding pathway is used.

In three other classes (B, C, and ML), basally branching
introns are identified that are phylogenetically distinct and
could be considered independent classes. However, the
existence of shared RNA structural features and a shared
insertional preference in the case of class C suggests that the
creation of additional classes is not warranted.

Finally, it is notable that the ORFs of classes CL1 and
CL2 are not monophyletic. Instead, the CL class is split into
four clades (CL1,, CL1y, CL2,, CL2g) (Fig. 2; D.M. Simon
and S. Zimmerly, unpubl.), whereas their RNA structures
fall into two discrete classes of IIB1 (CL1) and IIB2 (CL2)
(Toor et al. 2001). Another example of potential conflict
between the ORF and RNA classifications is found for

classes E and F; their RNA structures are
similar in overall organization (Fig. 3,
cf. A and B), yet their ORFs do not
appear to be closely related (Fig. 2).
Both of these examples may be either
exceptions to the general pattern of
coevolution between ribozyme and
IEP, or examples of convergent evolu-
tion of RNA structural features (see
Conclusions below).

Phylogenetic distribution of introns

To gain insight into intron dispersal, we
examined the distribution of group II
introns in Eubacteria and Archaea.
Overall, group II introns are found
in six subdivisions of Eubacteria (Acid-
obacteria, Actinobacteria, Bacteroidetes/
Chlorobi, Cyanobacteria, Firmicutes,
and Proteobacteria) and one of Archaea
(Euryarchaeota). The groups for which
introns have not yet been found are also
the groups with the fewest number
of complete genome sequences. Like-
wise, the largest proportions of introns
are found in the groups with the
most completed genome sequences
(i.e., Proteobacteria, Firmicutes).

The distribution of group II introns
in bacteria can be visualized by map-
ping the host bacterial groups onto an
intron phylogeny (Fig. 4). Because the
analysis includes all bacterial introns,
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FIGURE 3. Secondary structure models for classes E and F. Consensus structures are based on 80% identity, with helices accurate to =1 bp and
single strands to £2 nt, and with greater deviations indicated. Small and large dots represent base pairs and unpaired nucleotides, respectively.
Gray boxes indicate features that are characteristic of the class. (A) The consensus structure for class F is based on the following introns: D.a.Il
(CP000089), Ge.ur.Il (NZ_AAON01000001), My.xa.Il (CP000113), Ni.ha.Il (CP000320), Pe.th.I2 (AP009389), So.us.I2 (CP000473). (B) The
consensus structure for class E is based on the following introns: E1: A.v.I5 (NZ_AAAD01000084B), B.j.I2-1 (BA000040), Ch.ph.12-1 (CP000492),
P.LI1 (BX571862), Pr.ae.Il (NZ_AAIJ01000002), S.ma.I1 (BX664015), Sr.me.14 (AJ496462), UB.I1 (AY691909); E2: Cl.be.I2 (AALO01000032),
Cl.be.I3 (AALO01000024), Ps.tu.Il (AAOH01000003), Sy.wo.I1 (NZ_AAJG01000003), W.e.I2 (AE017196).

1708 RNA, Vol. 14, No. 9



Group Il introns in bacteria

Proteobacteria
Firmicutes
Cyanobacteria
Bacteroidetes/Chlorobi
Actinobacteria
Acidobacteria

== Archaea

== unknown

ML

FIGURE 4. Distribution of group II introns in bacteria. The intron-
encoded ORF phylogeny is presented as a radial phylogram with the
groups of host bacteria coded by color. Black dots indicate nodes with
=70% bootstrap support. The phylogeny is identical to the one shown
in Figure 2.

relatively few characters (230 amino acids) can be aligned
reliably across classes, resulting in a tree of low resolution.
Nonetheless, a few broad inferences are possible. We find
that class B introns are restricted to Firmicutes, as are most
of the ML introns. Likewise, the majority of both class C
and CL1, introns are found in Proteobacteria. Such
clustering would be expected if horizontal transfers of these
introns are relatively infrequent among distantly related
bacteria.

A second general set of observations can be made
regarding the introduction of group II introns into specific
bacterial lineages. It is clear that group II introns were
introduced into Archaea a small number of times (three to
four times based on this set of introns). Most archaeal
introns are found in a single clade within CL1,, with an
additional three introns in class D and one that is still
unclassified. Similarly, cyanobacterial introns are restricted
to CL2, and CL2g, and virtually all CL2p introns are
cyanobacterial, suggesting limited long-distance horizontal
transfers involving these introns.

It is notable that the majority of the cyanobacterial
introns are found in only a few genomes, with five introns
in Crocosphaera watsonii WH8501, four in the Nostoc
plasmid pCC7120«, nine in Trichodesmium erythraeum
IMS101, and 28 in Thermosynechococcus elongatus BP-1.
Cyanobacterial introns are distinctive because of their high
copy number in some genomes, the presence of many
introns in housekeeping genes (especially in T. erythraeum),
and the frequency of ORF-less introns (below and Table 1).
Because many cyanobacterial genomes lack group II introns
altogether, the pattern suggests that intragenomic mobility
and subsequent retention have played a large role in the

evolution of group II introns in Cyanobacteria. In contrast,
introns of other bacterial groups are widely distributed
throughout the tree, indicating multiple introductions of
different intron types into these bacterial lineages.

Together, these data clearly indicate that group II introns
have undergone extensive horizontal transfers, but also
suggest that there are barriers to their spread. Such bar-
riers may include either inherently low frequencies of
horizontal transfer between certain groups of bacteria, or
adaptations of the intron retroelements to specific groups
of bacteria.

Genomic locations of introns

We also examined the distribution of group II introns
within genomes. Overall, slightly more than half of
the introns in our database are found in predicted inter-
genic regions, with approximately half of these belonging
to class C. This is expected as class C introns target
transcriptional terminators (Granlund et al. 2001; Dai and
Zimmerly 2002; Robart et al. 2007). The remainder of
introns are found in mobile DNA ORFs (19%), hypo-
thetical genes (18%), or housekeeping genes (8%).
Putatively intergenic introns are found in nearly every
group II intron class, with the exception of the ML class.
Likewise, introns in mobile DNA ORFs are present in a
large number of classes (B, D, E1, F, CL1,, CL2g, and ML),
but are particularly concentrated in class D. The few
introns in housekeeping genes are similarly dispersed
throughout the intron classes, being found in classes B,
E2, CL1,, CL24, ML, and an additional intron (S.ag.I2
from Streptococcus agalactiae) that is currently unclassified.
We find no evidence in our data set of long-term vertical
inheritance of introns in housekeeping genes, such as is
observed for group II introns in plant organelles (Kelchner
2002). It seems likely that selective pressure inhibits the
insertion and/or maintenance of introns in these genes in
bacteria.

Specialized lineages

It has been observed that some lineages of group II introns
have unique properties. The most well-established example
is class C, whose introns insert directly after terminator
motifs (Granlund et al. 2001; Dai and Zimmerly 2002;
Robart et al. 2007). Interestingly, within class C is a lineage
of eight introns with a different insertion pattern: they
insert into the inverted repeats of attC sites of integrons
rather than the inverted repeats of terminators (Fig. 2;
Centrén and Roy 2002; Quiroga et al. 2008). It is perplex-
ing that these introns insert in the orientation opposite to
transcription of the integron unit, which would seem to
limit mobility of the intron. Nevertheless, the lineage
appears to be adapted to survive with this feature.
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Another reported example of specialization is a lineage
within CL1,, which has a large insertion (~300-600 nt)
near the 5 end of its RNA structure. These introns are
located near the boundaries of genes, either intergenically
or at the very beginning or end of genes (Michel et al.
2007). The first reported example was an intron interrupting
the groEL gene of Azotobacter vinelandii (Adamidi et al.
2003; Ferat et al. 2003), but the group has now grown to
over a dozen members (Fig. 2; Michel et al. 2007).
Although the introns are not grouped together in the tree
shown in Figure 2, monophyly was confirmed by con-
structing a tree of CL1 introns using a larger number of
characters (Fig. 2, gray inset; Michel et al. 2007). It is
unclear how this lineage of introns targets gene boundaries,
or how expression of the surrounding genes is affected by
the insertion of this highly unusual type of intron. A
possible function has been speculated to involve regulation
of splicing by competing RNA pairings at the 5" terminus
of the intron (Michel et al. 2007).

Three introns within class B are known to have altered 3’
splice sites. In two instances the splice site is shifted only
modestly, by one nucleotide from the expected position
(B.a.I2, B.c.I2). However, two other splicing events in vivo
(B.c.I4, B.a.I2) involve more substantial shifts of 56 nt and 4
nt downstream from the expected sites, respectively (Robart
et al. 2004; Tourasse et al. 2005; Stabell et al. 2007). These
three introns form a monophyletic group (B.a.l2, B.c.12,
B.cI4) and represent a lineage that appears to have flex-
ibility in specifying the 3’ splice sites (black squares within
class B in Fig. 2). Other class B introns appear to have a
standard 3’ splice site location, with the exception of B.th.I1
(gray square within class B in Fig. 2), which is also likely to
splice one nucleotide downstream of the usual position,
based on potential y—y’ and IBS3—-EBS3 pairings.

A final observation is that in the subclass E1, seven of
eight IEPs have start codons in domain II or domain III
rather than in DIV, the exception being A.v.I5 in Azoto-
bacter vinelandii. The start site is notable because for the
LLLtrB intron of Lactococcus lactis, the start codon lies
within the high-affinity IEP binding site, allowing for
feedback inhibition of IEP translation (Wank et al. 1999).
It is possible that feedback regulation may not be universal
to all group II IEPs, or that the IEP binding site may be in a
different location for some introns.

ORF-less group Il introns in bacteria

To address the issue of whether there are undetected group
II introns in bacteria that do not encode a reverse
transcriptase ORF, we searched for introns based on RNA
structural criteria. The program RNAMotif (Macke et al.
2001) was used to screen completed bacterial genome
sequences, using descriptors of combined sequence and
secondary structure information. The descriptors were
derived from consensus structures of DV for each phylo-

1710 RNA, Vol. 14, No. 9

genetic class of intron. Descriptors were tested at different
stringencies, and ultimately a set of eight descriptors was
chosen (Supplemental Fig. 1). Using these descriptors,
RNAMotif was able to correctly identify all 17 introns in
seven sample genomes (combined size of 31.3 Mb), while
generating only two readily identifiable false positives (see
Materials and Methods).

The descriptors were then used to individually scan 225
complete bacterial genomes (735 Mb) (Supplemental Fig.
1; Supplemental Table 1; see Materials and Methods). The
screen yielded 224 unique hits, which were evaluated as
potential DV motifs using criteria outlined in the Materials
and Methods. In total, 172 hits were judged to represent
ORF-containing introns that are either full-length or trun-
cated, or known ORF-less introns, while 46 were con-
sidered false positives, based on genomic locations, quality
of the hits, and RNA foldings (about one false positive per
16 Mb). Six hits were considered to be new candidate ORF-
less introns; however, we were unable to fold four of them
into complete RNA secondary structures, and these were
concluded to be likely truncated forms containing DV and
DVI structures (Supplemental Fig. 2).

The remaining two introns were folded into complete
secondary structures. The first intron, OYPI2, is found in
the Onion yellows phytoplasma strain OY-M (AP006628),
and its RNA secondary structure is IIA, similar to the RNA
structures of class ML IEPs (Supplemental Fig. 3). This
genome also contains an ML intron that encodes an ORF
(OYPI1), raising the possibility that the OYPI1 ORF may
act in trans on OYPI2. A precedent exists for a maturase
acting in trans on other group II introns in a genome, in
the cyanobacterium Trichodesmium (Meng et al. 2005). In
the case of the OYP introns, the introns are not closely
related to each other, and OYPI2 does not appear to have
derived directly from OYPIL.

The second intron (O.i.12) was found in Oceanobacillus
iheyensis HTE831 (NC_004193), and can also be folded
into a ITA structure. Although the intron initially appeared
to be ORF-less, a closer examination revealed a highly
degenerated ORF in domain IV, which is partially alignable
with other IEPs for the entire length of the RT and X
domains, yet it lacks many conserved RT motifs (e.g.,
YADD). It seems likely that the intron-encoded protein
in O.4.I2 no longer possesses RT activity, but it may
continue to have a maturase function, which is suggested
by the maintenance of the reading frame. Interestingly, it
is one of the few introns that interrupt a housekeeping
gene, radC (involved in DNA repair), thus giving a
rationale for retention of splicing function. The closest
relative of O.i.12 is B.c.I9, which also interrupts radC but
has a standard RT ORF. To our knowledge, O.i.12 is the
first bacterial group II intron known to encode a degen-
erated ORF, although there are many examples in mito-
chondria and plastids (Michel and Ferat 1995; Zimmerly
et al. 2001; Barkan 2004).
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It thus appears that ORF-less introns in bacteria are
indeed rare. Our results indicate that in 225 genomes,
which contain 163 ORF-encoding group II introns and
nine known ORF-less introns, there is only one new truly
OREF-less intron (OYPI2). Table 1 lists additional known
ORF-less group II introns. It is striking that 10 of the 15
known ORF-less introns have small but detectable rem-
nants of RTs within the intron RNAs, usually containing
both the start and stop codons for IEPs of related introns.
Most of these introns reside in genomes that encode related
full-length introns, whose IEPs may interact with the ORF-
less introns in frans (Meng et al. 2005). In addition, six of
the 15 ORF-less introns have evidence for mobility, as
suggested by the presence of multiple copies of the ORF-
less intron in different exons (Table 1 and footnote).
Nevertheless, overall there is a dearth of ORF-less group
IT introns in bacteria, with only 6% of the introns being
ORF-less. The introns are suggested to have lost the ORFs
relatively recently, due to the presence of ORF remnants.
This combined with the limited number of OREF-less
introns suggest that ORF-less forms do not survive inde-
pendently for long periods in bacteria. We hypothesize that
this reflects selective pressure on bacterial introns to
maintain their mobility, in sharp contrast with group II
introns in organelles, where some introns have evolved
with their host gene for several hundred million years
(e.g., vertical inheritance of chloroplast introns in plants)
(Kelchner 2002).

Conclusions

This compilation of group II introns has increased the
number of known introns in bacteria, and examination of
this data set in a phylogenetic context has allowed a
number of conclusions to be made. Specifically, we iden-
tified a novel phylogenetic class of group II introns (class F)
and distinguished two RNA subtypes within class E. We
have increased our knowledge of specialized lineages,
bringing to five the number of bacterial forms that vary
in splicing and/or mobility properties compared with
canonical group II introns. These include introns that
insert at terminators, attC sites, or gene boundaries,
introns that have altered 3’ splice sites, and an intron
encoding an ORF with degenerated RT motifs. In addi-
tion, the data set provides insight into underlying pat-
terns of intron dispersal. While horizontal transfer is
clearly rampant, there appear to be barriers to horizontal
transfers involving distantly related bacteria. Finally, the
results of a thorough search for ORF-less introns suggest
that this form is rare in bacteria. Thus, if a significant
number of ORF-less group II introns exist in bacteria, they
must have DV RNA structures different from known
introns.

Together, these data support the “retroelement ancestor
hypothesis,” which posits that all extant group II

introns are derived from a bacterial retroelement (Toor
et al. 2001). We find no evidence for a set of diverse,
ancient ORF-less introns into which RTs might have
inserted multiple times to generate independent lineages
of group II intron retroelements. Rather, it appears that
ORF-less introns do not persist independently over long
time periods in bacteria. We did identify apparent excep-
tions to coevolution of the ribozyme and IEP, which is a
principle that underlies our evolutionary hypothesis. These
exceptions may be attributed to either convergent evolution
of a functionally constrained RNA structure, or reshuffling
of RNAs and IEPs at the DNA level. The latter possibility is
supported by the existence of twintrons in bacteria, in
which one group II intron has inserted into another
(Nakamura et al. 2002; Dai and Zimmerly 2003), thus
offering a plausible mechanism for ORF reshuffling. How-
ever, the number of obvious exceptions to coevolution
remains low, leaving coevolution as the predominant trend.
Taken together, the simplest explanation that accounts for
the known structural varieties of group II introns and their
phylogenetic distribution continues to be descent from a
retroelement ancestor in bacteria. It remains unclear how
the reverse transcriptase and ribozyme initially came
together to form the putative ancestral group II intron
retroelement, but it seems most likely that the current
forms of group II ribozymes (IIA, IIB, and IIC) differen-
tiated after that event.

MATERIALS AND METHODS

Identification and analysis of group Il introns

Group II introns were identified in GenBank by BLAST searches
based on the reverse transcriptase ORF, and then the surrounding
RNA was identified and folded into a secondary structure (Dai
and Zimmerly 2002). Secondary structures were determined using
MFOLD (Zuker 2003) and manual folding constraints, guided by
agreement with consensus structures and/or consistency with
related intron sequences (Toor et al. 2001). Intron boundaries
were determined by RNA folding in combination with examina-
tion of potential exon junctions.

Search for ORF-less introns

RNAMotif (v1.7.1) (Macke et al. 2001) was used to search for
potential group II introns in bacterial genomes. First, consensus
structures were made for the highly conserved and presumably
catalytic domain V motif for each ORF phylogenetic class,
based on a variety of RNA secondary structures (Supplemental
Fig. 1). A set of five to six descriptors was made from each
consensus structure, allowing for different degrees of deviation
from the consensus. The purpose of this phase of the screen was
to identify optimal descriptors that allow the greatest devia-
tion from the consensus without producing an unmanageable
number of false hits. The sets of descriptors were evaluated
by scanning seven bacterial genomes, which together contain
19 introns representing all seven previously described classes
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(Escherichia coli pB171, Enterococcus faecalis V583, Bacillus hal-
odurans C-125, Clostridium acetobutylicum ATCC 824, Bacteroides
thetaiotaomicron VPI-5482, Bradyrhizobium japonicum USDA
110, Gloeobacter violaceus PCC 7421). One descriptor per class
was chosen for B, C, D, E, CL1, and CL2, and two descriptors
were used for the ML class (Supplemental Fig. 1). Excluding class
C, which has a unique DV length, eight of 11 introns were
identified by multiple descriptors, showing redundancy in the
search. Two false positives were obtained and readily identified
because each lies within the coding sequence of a conserved
gene. In an additional negative control, Caenorhabditis elegans
chromosome 5 (21 Mb) and Arabidopsis thaliana chromosome
1 (30 Mb) were searched with the descriptors and did not yield
any hits. This is expected because group II introns are not known
to occur in eukaryotic nuclear DNA, with the exception of
recently transferred organellar remnants (Knoop and Brennicke
1994).

A selection of 225 out of >700 sequenced genomes was scanned
with these descriptors to determine the frequency of ORF-less
group II introns in bacteria. Potential DV motifs identified were
then analyzed individually to determine if they were: (1) full-
length ORF-encoding introns; (2) truncations of ORF-encoding
introns; (3) ORF-less introns; or (4) false positives. ORF-encoding
introns, either full-length or truncated, were identified by search-
ing the sequence upstream of the putative DV for an RT ORF.
The remaining introns were examined for their genomic location
to determine whether they were inside an annotated ORF, or
whether sufficient intergenic sequence (>400 bp) was present to
accommodate a complete intron sequence. Two additional criteria
were the quality of the DV hit and whether it was obtained with
more than one descriptor. If there were multiple sequence
deviations and/or mispairs in the putative DV, and if it was
found with only one descriptor, then the hit was considered less
likely to be a group II intron. A final criterion was based on
whether the flanking sequence could be folded into a group II
intron secondary structure. Potential DVI motifs were easily
evaluated by folding the sequences into the simple DVI motif. If
a reasonable DVI motif was found, then the entire flanking
sequence was folded to obtain a complete group II intron
structure.

Phylogenetic analyses

The intron-encoded ORFs were manually aligned to a pre-existing
alignment (Zimmerly et al. 2001) using BioEdit v7.0.5.2
(Hall 1999). This alignment included all RT domains, as well
as domain X, but not domains D or En because these regions
cannot be reliably aligned across classes. After unambiguously
aligned regions were removed, 230 amino acids representing
194 unique sequences were used in the analyses. The final
alignment contains a small number of gaps (<2% of all characters)
in regions that were unalignable for a few introns. Model
choice was aided by the Akaike Information Criterion (AIC) as
implemented in ProtTest v10.2 (Posada and Buckley 2004;
Abascal et al. 2005). An unrooted tree and 100 bootstraps were
produced using the program RAXML v.4.0.0 with the model
RtREV+I'+F (Dimmic et al. 2002; Stamatakis et al. 2005). The
same procedure was followed to make a tree of only CLI introns,
except in this case 397 amino acids could be unambiguously
aligned.
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