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ABSTRACT Reverse transcriptases (RTs) are usually thought

of as eukaryotic enzymes, but they are also present in bacteria
and likely originated in bacteria and migrated to eukaryotes.
Only three types of bacterial retroelements have been
substantially characterized: group Il introns, diversity-generating
retroelements, and retrons. Recent work, however,

has identified a myriad of uncharacterized RTs and RT-related
sequences in bacterial genomes, which exhibit great sequence
diversity and a range of domain structures. Apart from group Il
introns, none of these putative RTs show evidence of active
retromobility. Instead, available information suggests that they
are involved in useful processes, sometimes related to phages or
phage resistance. This article reviews our knowledge of both
characterized and uncharacterized RTs in bacteria. The range of
their sequences and genomic contexts promises the discovery
of new biochemical reactions and biological phenomena.

INTRODUCTION

Reverse transcriptase (RT) is generally considered a eu-
karyotic enzyme because it is prevalent in eukaryotes and
was first characterized from eukaryotic sources. Dis-
covered in 1970 in the Rous Sarcoma and murine leu-
kemia viruses (1, 2), RT has since been studied for its
central role in the replication of many eukaryotic genetic
elements including retroviruses (e.g., HIV-1), pararet-
roviruses, hepadnaviruses, long terminal repeat (LTR),
and non-LTR retroelements, Penelope-like elements, and
accumulated studies of RT have painted a picture in
which the enzyme functions primarily as the replicative
enzyme of selfish DNAs (viruses, retrotransposons),
while occasionally becoming domesticated to perform
useful cellular functions. These functions include the
maintenance of chromosomal ends (telomerase, Dro-
sophila Het-A elements) (10, 11) and contributions
to genomic change (both beneficial and deleterious)

through pseudogene formation or other retroprocessing
events (12, 13, 14, 15).

RT was discovered in bacteria in 1989 as a compo-
nent of an element named a retron (16, 17, 18). Retrons
produce small nucleic acid products in the cell called
multicopy single-stranded DNAs (msDNAs), whose func-
tion remains elusive to this day. In 1993, a second class
of bacterial RTs was discovered, group Il introns, which
had previously been found in the mitochondria and
chloroplasts of fungi, algae, and plants (19). Group Il in-
trons were subsequently found to have features typical
of mobile DNAs, in that they amplify themselves and
spread in genomes without providing obvious benefits
to their hosts (20, 21, 22). About a decade later, the third
type of bacterial retroelement was discovered, the di-
versity-generating retroelement (DGR) (23). Unlike most
retroelements, DGRs are not actively mobile but carry
out a directed-mutagenesis reaction that is advantageous
to its host genome.

More recently, it has become evident that bacteria,
in fact, harbor a plethora of overlooked RTs and RT-
related sequences. Most of these putative RTs do not
show signs of being mobile DNAs because they do not
accumulate to multiple copies in genomes. While the
functions of these elements remain unclear, they do
not appear to fit into the paradigm of eukaryotic selfish
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retroelements. The aim of this article is to summarize
what is known about this enigmatic universe of retro-
elements in bacteria and to consider their relationships
to characterized retroelements.

GROUP 1l INTRONS: THE PROTOTYPICAL
BACTERIAL RETROELEMENT

Group II introns are the prototypical retroelements in
bacteria because they are the most abundant and best
understood (reviewed in references 20, 21, 22, 24,
and 25). They consist of a ~500 to 800 bp sequence
corresponding to a catalytic, self-splicing intron RNA
(ribozyme) and an internally encoded ~1.0 to 1.5 kb
OREF that is translated into an intron-encoded protein

(IEP) (Fig. 1A). The IEP is an RT, containing seven

conserved sequence blocks that are alignable across RT
types, as well as an X domain that is structurally anal-
ogous to the polymerase’s thumb domain but is not
conserved in sequence. Downstream of the X domain is
a DNA-binding domain (D), and sometimes, an endo-
nuclease (En) domain (Fig. 1A). The RT and X domains
together promote splicing of the intron RNA, while all
four IEP domains participate in the mobility reaction

In bacterial cells, the intron is initially transcribed
along with its exons as part of a precursor mRNA tran-
script, after which the intron RNA folds into a three-
dimensional structure that catalyzes splicing (32, 33, 34,
35, 36, 37). Self-splicing of the intron occurs in vitro
under conditions of elevated magnesium and salt; how-
ever, to efficiently splice in vivo, the IEP must first be

FIGURE 1 Group Il introns. (A) The genomic structure of a group Il intron consists of
sequence for an RNA structure (~500 to 800 bp; red boxes) and an ORF for an intron-
encoded protein (green). The protein contains a reverse transcriptase (RT) domain with
motifs 0 to 7, an X/thumb domain, a DNA-binding domain (D), and sometimes, an en-
donuclease domain (En). The intron is flanked by exons E1 and E2 (blue). The structure
is drawn to scale for the LLLtrB intron of Lactococcus lactis. (B) After transcription of the
intron, the intron-encoded protein is translated from unspliced transcript and binds to
the RNA structure to facilitate a two-step splicing reaction, yielding spliced exons and an
RNP consisting of the RT and intron lariat RNA. (C) The RNP inserts intron sequence into
new genomic targets. To do this, the RNP binds to the double-stranded DNA target, the
intron lariat reverse splices into the top strand, and the En domain cleaves the bottom
strand to produce a primer that is reverse transcribed by the RT. Cellular repair activities
convert the insertion product to dsDNA. doi:10.1128/microbiolspec. MDNA3-0058-2014.f1
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translated from the unspliced mRNA and bind to the
intron RNA to help it achieve its catalytic conformation
(27, 28, 30) (Fig. 1B). After splicing, the protein remains
bound to the intron lariat, forming a stable ribonu-
cleoprotein (RNP) particle.

Mobility of group II introns has been well studied.
The overall process is called retrohoming, and it occurs
through the mechanism of target-primed reverse tran-
scription (TPRT) (20, 38, 39, 40). The TPRT mechanism
is initiated by reverse splicing of the lariat RNA into the
top strand of a double-stranded DNA target, followed
by cleavage of the bottom strand by the En domain of
the IEP to form a primer, and finally reverse transcrip-
tion of the inserted intron (Fig. 1C). The final steps of
the integration, which vary across organisms, are carried
out by cellular repair mechanisms to generate double-
stranded DNA (41, 42, 43). Some IEPs lack the En do-
main, and require an alternative primer for bottom
strand synthesis (44). This has been shown to be a na-
scent DNA strand provided by a replication fork (45).
Other variations of mobility have been described as well

An important characteristic of group II introns in
bacteria is that they behave primarily as retroelements
rather than introns. Their selfish nature is evident in
several ways. First, the introns are generally excluded
from housekeeping or conserved genes, suggesting that
they inhibit gene expression in some way (52, 53). Sec-
ond, over half of intron copies in bacteria are truncated
or nonfunctional, with the introns often located among
or within other mobile DNAs, suggesting a migratory
rather than stable lifestyle (52, 54, 55). These features
contrast with group II introns in mitochondrial and
chloroplast genomes, where the introns are located in
housekeeping genes, and many are nonmobile splicing
units (56). Third, the distribution of group II introns
across bacterial species and strains is sporadic (44, 54,
57, 58). For example, related strains of Escherichia coli
can harbor from one to 15 copies of group II introns
(59), and some genomes contain over 20 identical copies
of an intron (60).

There are limited exceptions to the introns’ selfish
character. Some bacterial introns are immobile (54, 61)
or are located in housekeeping genes such as RecA,
DNA polymerase III, helicases, and DNA repair en-
zymes, where they presumably do not impair gene ex-
pression (53). Still, the overall pattern of group Il introns
in bacterial genomes indicates that the introns survive
by constant movement, spreading faster than they are
lost, as opposed to taking up residence in conserved
genes, as occurs in organellar genomes where splicing
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can potentially help to regulate gene expression. Nota-
bly, group Il introns are by far the most numerous of RT
types in bacteria (below), consistent with their robust
retromobility.

DGRs: RETROELEMENTS THAT
EVOLVED A USEFUL FUNCTION

DGRs do not spread selfishly but they have a clearly
useful function in creating sequence diversity in a target
gene (62). DGRs are comprised of multiple components
that make up a functional cassette of genes: an RT gene,
a 100 to 150 bp TR (template repeat) gene, a target gene
ending in a VR (variable region) sequence that is ~90%
identical to the TR sequence, and usually, the accessory
gene avd (accessory variability determinant) (Fig. 2).

FIGURE 2 Diversity-generating retroelements (DGRs). A DGR
consists of a reverse transcriptase (RT) gene with seven motifs,
a target gene with a C-terminal variable region (VR), a tem-
plate repeat (TR), and usually, an accessory variability deter-
minant gene (avd) (drawn to scale for the Bordetella phage
DGR [23]). The RT's thumb motif is not defined in sequence
but presumably would be present downstream of motif 7.
For the mutagenic homing reaction, the RT reverse transcribes
the TR transcript and the resulting cDNA is integrated into
the target gene to replace the previous VR sequence. During
this process, each A in the TR sequence is mutagenized to any
nucleotide, producing directed randomization of the VR se-
quence in the target gene. doi:10.1128/microbiolspec. MDNA3
-0058-2014.f2

VR TR 12

| ]

target gene avd

3 457

1kb

l transcription of TR

5

l mutagenic reverse
transcription

5
9P -
cDNA
' *
3

l integration
4
VR TR

[ [l

target gene **

B O WEIL

avd

ASMscience.org/MicrobiolSpectrum


http://dx.doi.org/10.1128/microbiolspec.MDNA3-0058-2014.f2
http://dx.doi.org/10.1128/microbiolspec.MDNA3-0058-2014.f2
http://www.ASMscience.org/MicrobiolSpectrum

Zimmerly and Wu

During the so-called mutagenic retrohoming reaction,
the RT reverse transcribes the TR transcript, during
which every A in the TR template is mutagenized to any
nucleotide in the resulting cDNA. The cDNA is inte-
grated into the target gene’s DNA, replacing the VR
sequence and creating randomization in the amino acid
sequence at the C-terminus of the target protein (23, 63,
64, 65, 66). In the case of the Bordetalla phage, the
target protein is the phage’s tail protein, and specifically
the region that adheres to the cell surface of Bordetella
during infection (67, 68). This is beneficial to the phage
because Bordetella has two growth phases, virulent and
avirulent, each bearing a characteristic cellular surface
(69). The DGR allows the phage to adapt its tropism to
the changing surface of its host bacterium by creating
sequence diversity in the region of the tail protein that
binds to the bacterial surface. Other DGR examples are
known that are encoded on a bacterial chromosome
rather than by a phage. Among these is the chromo-
somally encoded DGR of Legionella pneumophila,
which creates sequence diversity in the C-terminus of a
variable cell surface lipoprotein (70). Thus, DGRs rep-
resent a general mechanism of adaptation in bacteria
that can benefit either phages or bacteria.

The genomic components of DGRs can vary consid-
erably. Some DGRs lack the avd gene or have another
accessory gene belonging to the helicase and RNase D
C-terminal (HRDC) family. DGRs can have either one
or two target genes, and there is variation as well in the
order and orientations of the RT, TR, avd, and target
genes (62). Relevant to this article is the fact that even
without experimental validation, DGRs can be identi-
fied bioinformatically in genomic sequences through
the detection of the two repeat sequences, TR and VR
(~90% identity), which are adjacent to an RT gene, with
the VR sequence bearing A-to-N differences relative
to the TR sequence (71). This illustrates how a retro-
element and its potential properties can be identified
and/or classified based on sequence alone, a pertinent
point when considering the many uncharacterized RT
and RT-like sequences (below).

RETRONS: RETROELEMENTS IN
SEARCH OF A FUNCTION

Retrons consist of an RT gene named ret and an adja-
cent inverted repeat sequence corresponding to the over-
lapping genes for the RNA and DNA segments of an
inverted repeat sequences are transcribed together as
a single operon. The translated RT binds to the RNA’s
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FIGURE 3 Retrons. A retron consists of an inverted repeat
sequence corresponding to msRNA and msDNA genes, and
a reverse transcriptase (RT) with seven conserved motifs
(drawn to scale for retron Ec86 [77]). The thumb domain is
presumably located directly downstream of motif 7. All three
genes are transcribed in a single transcript and the RT binds
to the RNA structure formed by the inverted repeat sequence.
A specific G residue presents a 2'OH that acts as the primer
for reverse transcription. After removal of the RNA template
by cellular RNase H, the final msDNA consists of one RNA and
one DNA linked by a 2’OH bond, and base paired at the 3’ ends
of both. doi:10.1128/microbiolspec. MDNA3-0058-2014.f3

inverted repeat sequence. A specific G residue within
the structure provides its 2’OH as a primer for reverse
transcription (76, 77). The RNA is partially reverse
transcribed, with most of the RNA template removed by
a cellular RNase H activity. The resulting chimeric
RNA-DNA molecule is covalently linked via the 2’OH
priming bond and is also base paired at the 3’ ends of
the RNA and DNA where the RNA is not digested by
RNase H. The RT remains bound to this structure after
its formation.

Retromobility of retrons was suspected from the start,
but this has not been demonstrated. The only experi-
mental evidence for mobility is for the retron Ec73,
which resides within the cryptic prophage R73 in
E. coli (78). When ¢R73 was mobilized by coinfection
with a helper phage, the retron spread to another strain
of E. coli and formed msDNA in the new host. This
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observation is consistent with retrons not being inde-
pendently mobile, but being dispersed passively among
strains or species. In another mobility-related observa-
tion, a comparison of different E. coli genome sequences
led to the conclusion that the Ec107 retron replaced a
34 bp palindromic sequence through a de novo inser-
tion; however, the mechanism was not elucidated (79).
Similarly, two Vibrio species contain distinct retrons
substituted at the same chromosomal locus, but again
the mechanism of integration, loss, and/or replacement
is unclear (80).

While the function of retrons remains unknown, there
are two distribution patterns that are relevant. The first
is vertical inheritance, which is found in soil-dwelling
myxobacteria. The retron, Mx162, was found in all
Myxococcus xanthus strains tested and in nearly all
other myxobacterial species, while Mx635 is additionally
found in some strains (the numbers refer to the length
of the DNA component of the msDNA) (81, 82). The
conclusion of vertical inheritance is supported by similar
codon usage for the RTs and the host genomes (75).
Vertical inheritance of the retrons implies that they carry
out an essential—or at least a useful—function in their
bacterial hosts.

The second distribution pattern is exemplified by
retrons in E. coli, where presence of retrons is patchy.
Most strains do not carry retrons, but there are seven
distinct retrons among isolates. As a rough measure of
frequency among E. coli strains, only 11 strains of the
72-strain ECOR collection contain a retron (83). The
E. coli retron sequences are not closely related to each
other, and they appear to have spread via horizontal
transfers, a hypothesis supported by their codon usage,
which differs from that of cellular genes (75). Because
they are not universally present in the strains, the E. coli
retrons are unlikely to carry out an essential function,
although they may still carry out a useful function.
The dynamics of their horizontal spread may be analo-
gous to the propagation of antibiotic resistance genes
among bacteria.

Two useful functions have been proposed for retrons,
neither of which provides a satisfying general explana-
tion for their existence. First, some retrons in E. coli
have mutagenic effects on their host strains. The retrons,
Ec83 and Ec86, have stem loops with mismatched base
pairs that sequester the mismatch-repairing MutS pro-
tein, thereby leading to a higher mutation frequency. In
certain contexts, an increased mutation rate might aid
in bacterial adaptation (84, 85). Opposing this rationale
is the fact that not all retrons contain mismatched bases
in their stem-loops (86). A second potential function is

Reverse Transcriptases in Bacteria

based on the anecdotal observation that all 12 patho-
genic Vibrio strains out of 21 isolates tested contain the
retron Vp96, providing an apparent correlation between
the retron and pathogenicity in this bacterium (86).
However, the correlation does not hold for pathogenic
and nonpathogenic strains of E. coli. Together, it would
appear that retrons have an, as yet, unidentified bio-
logical function. Supporting this prediction is the pres-
ence of a putative protease domain at the C-terminus of
some retron RTs (reference 87 and below), which sug-
gests an undetected biochemical reaction of retrons.

A UNIVERSE OF UNCHARACTERIZED RTs
AND RT-RELATED ENZYMES IN BACTERIA

Over the last decade, mounting sequence data have led
to the identification of many new RTs and RT-like se-
quences in bacterial genomes. Two studies in 2008 re-
ported numerous examples of novel bacterial RTs and
retroelements (87, 88). An update of the compilation
presented in reference 88 is summarized in Fig. 4, which
is based on a set of 3,044 bacterial and archaebacte-
rial RT sequences collected from GenBank (L. Wu and
S. Zimmerly, unpublished). Despite their considerable
sequence diversity, all putative RTs were identified as
belonging to the superfamily of RTs (as opposed to other
polymerases) by the NCBI Conserved Domain Database
(CDD) (89). The classifications depicted in Fig. 4 are
based on a combination of criteria, including the align-
ment of RT motif sequences, the presence of domain
motifs or sequence extensions appended to the RT do-
main, and published data about characterized RTs (see
reference 88 for a more detailed explanation).

As observed previously, approximately 90% of RT
copies in bacterial genomes belong to characterized types
of retroelements: group Il introns (75%), retrons (12%),
and DGRs (3%). Twenty-five additional groupings are
now defined, which include five classes designated group
II-like (G2L), which are related to group Il introns but do
not have an associated ribozyme structure. Due to the
lack of experimental characterization, the classifications
are not meant to imply unique functions for each class,
but rather are an attempt to organize the diversity of
uncharacterized RT-like sequences.

Five RTs remain unclassified, meaning that they have
no close relatives among the set of 3044 RTs (E values
to closest relatives range from e-6 to e-26 in BLASTP
searches [Wu and Zimmerly, unpublished]). The five
orphan sequences presumably represent classes that
will become better defined when more DNA sequences
are available. The existence of orphans indicates that
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sequence databases have not saturated coverage of the
RTs, and we do not yet know all varieties of bacterial
RTs and RT-like proteins that exist in nature. The se-
quences and alignments of all classified and unclassified
RTs can be accessed in the Supplementary Data file.

All 3,044 putative RTs align clearly with other RTs
across RT motifs 3, 4, and 5, which correspond to the
palm and finger domains of the polymerase, and include
the three aspartate residues that coordinate the two di-
valent metals at the active site (Fig. 5). In addition, most
RTs have a recognizable motif 6, whose conserved lysine
is also an active site residue that acts as a general acid
to facilitate the pyrophosphate leaving group (90). The
remaining motifs (0, 1, 2, 2a, and 7) are less conserved,
with motifs 0 and 2a being the least conserved (Fig. 4
and Fig. 5). Apart from the core polymerase structure
(motifs 3 to 6), the putative RTs can be predicted to have
a ~50 to 150 aa thumb domain located directly down-
stream of the RT domain. Thumb domains have little or
no sequence conservation across RT types, but their
location in sequence and three-dimensional structure
is generally conserved across polymerases (91). An ex-
ception is unknown class 11, which does not have suf-
ficient C-terminal sequence to encode a thumb domain.
Overall, all RT classes except for unknown class 11 are
expected to have very similar three-dimensional RT core
structures with a thumb domain, consistent with their
common functions as polymerases (92).

About two-thirds of uncharacterized RT classes have
no motifs or extensions in addition to the predicted RT
structure (Fig. 4). These RTs range in size from ~200 aa
(unknown class 11) to ~650 aa, with the variability in
size due mainly to indels within motifs 1 to 7 and X.
None of the indel sequences match domains defined in
either the CDD database of NCBI or the Pfam database
(89, 93; Wu and Zimmerly, unpublished). About a third
of the RT classes have sizeable extensions, containing
either conserved domain motifs identified by CDD or
Pfam, or minimally conserved sequence extensions of

Reverse Transcriptases in Bacteria

>300 aa found among members of the class. In all there
are 11 domain architectures of putative RT proteins,
with six conserved domains appended to RT domains
and five less conserved extensions of >300 amino acids

(Fig. 4).

RETROELEMENTS ASSOCIATED
WITH PHAGE IMMUNITY

While most RT classes in Fig. 4 are wholly uncharac-
terized, there is limited data for several proteins that
give indications of their properties. Three bacterial RT-
related proteins are implicated in phage resistance:
AbiA, AbiK, and Abi-P2. AbiA and AbiK are encoded by
Lactococcus lactis plasmids and provide phage immu-
nity through abortive infection (Abi), a process in which
phage DNA enters a bacterium but phage multiplication
is subsequently blocked (Fig. 6A). A third RT-related
protein, found in the P2 prophage of some E. coli strains
and here called Abi-P2, operates through phage exclu-
sion, which is a process that prevents new phage in-
fections of cells that contain the protective mechanism.
For AbiK, it has been demonstrated that the RT protein
alone confers phage resistance. This issue is not clarified
for AbiA or Abi-P2, but the genetic loci conferring re-
sistance are small (<3 kb).

AbiK

The abiK gene is encoded by the natural plasmid
pSRQ800, which was discovered in a L. lactis strain iso-
lated from raw milk (94). The single copy, constitutively
transcribed gene, confers resistance against the three
major classes of lactococcal phages (936, c2, and P335),
typically at a level of six orders of magnitude over
sensitive cells (95). The conserved RT motifs are in the
N-terminal half of the 599 aa AbiK protein, while a
C-terminal region of ~275 aa contains the presumed
thumb domain of the polymerase as well as additional
sequence with no identified domain motifs (Fig. 6B).

FIGURE 4 Classes of reverse transcriptases (RTs) and RT-like sequences in bacterial
genomes. The figure is an update of Fig. 1 in reference 88. A set of 3,044 RTs were
collected from GenBank and classified according to alignability of RT motif sequences,
phylogenetic analyses, and the presence of additional domains. The number of members
in each class is indicated in parentheses and by the area of the gray triangles. RT motifs
are denoted by boxes that are either black (clearly alignable with group Il introns), gray
(ambiguously alignable), or white (not alignable, although an analogous structure is
expected to be present). Sizeable extensions to the RTs are indicated by amino acid sizes,
and are in parentheses when the motif is present in fewer than half of the examples.
Protein motifs identified by either CDD of NCBI or Pfam are Casl, trypsin, gluzincin,
nitrilase, fimbrial, and primase. Biological properties associated with the different classes
are indicated to the right. doi:10.1128/microbiolspec. MDNA3-0058-2014.f4
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Nevertheless, the C-terminal region has an essential
function because a 42 amino acid C-terminal deletion
eliminates abortive infection (94). Point mutations in the
RT motifs, including the predicted catalytic aspartate
residues, disrupt or abolish abortive infection, consistent
with AbiK being a polymerase (95, 96).

AbiK expressed in E. coli and purified as a GST fusion
protein showed polymerase activity in vitro, but sur-
prisingly, not the properties of a reverse transcriptase.
Even without an RNA or DNA template, long DNAs
were polymerized by AbiK having a “random” sequence,
making AbiK’s activity analogous to a terminal trans-
ferase (96). The newly synthesized DNA was covalently
attached to the AbiK protein, because an amino acid of
AbiK was the primer for polymerization. A similar self-
priming reaction has been observed for the hepadnavirus
RT (97), which uses the OH of a tyrosine residue as a
primer. For the hepadnavirus enzyme, a priming domain
is located in an N-terminal region upstream of the RT
domains. By comparison, the priming site on the AbiK
protein may lie in the 250 aa C-terminal domain, because
the domain has an essential but undefined function.

Interestingly, phage mutants can be readily isolated in
the laboratory that acquire resistance to the AbiK anti-
phage mechanism, giving clues as to how AbiK interacts
with the phage replication process. For four different
phages, AbiK-resistant mutations mapped to the sak
genes (sensitivity to AbiK), sak1, sak2, sak3, and sak4
(98). The four sak genes are not closely related to each
other, but sakl and sak2 have sequence similarity to
single-strand annealing proteins (SSAPs) of the RADS2
and Erf families, respectively, while sak4 is related to
RADS1 recombinases (99, 100). Sak3 protein, having
no known motifs, was shown experimentally to have
SSAP activity, as was Sak1 (100, 101, 102). Taken to-
gether, the Sak proteins appear to participate in a step
of phage genome replication.

Reverse Transcriptases in Bacteria

The interaction between AbiK and Sak that blocks
phage multiplication is predicted to be a functional in-
teraction rather than direct binding. This conclusion is
based on the diverse sequences of the four sak genes and
the fact that the resistance mutations occur throughout
the sak sequences (98). However, the precise nature
of the interaction remains unclear, as does the overall
mechanism by which AbiK mediates immunity to phages.
Also unresolved is whether AbiK exhibits true RT ac-
tivity (i.e., RNA-dependent DNA polymerization) under
conditions not tested or whether AbiK is a highly derived
enzyme that has lost its RT activity and evolved a new
polymerase reaction.

AbiA and Abi-P2

ADbiA shares many similarities with AbiK, although its
sequence is distantly related. It is encoded by the lacto-
coccal plasmid pTR2030, and at 628 amino acids, AbiA
is comparable in size to AbiK, with a C-terminal exten-
sion lacking protein motifs. AbiA protects against the
major classes of lactococcal phages with a sensitivity
profile that is similar but not identical to the set of AbiK-
sensitive phages (103, 104). AbiA is similarly inferred to
act at the stage of phage DNA replication, because DNA
products do not accumulate in infected bacteria (104,
1095).

Phage mutations lending resistance to the AbiA mech-
anism mapped to a gene (ORF245) having motifs for
RecA-like NTPases and phage P loops (nucleotide bind-
ing), which resemble features of the Sak proteins. A
second group of resistance mutations mapped to an
intergenic inverted repeat sequence lying 500 bp up-
stream of phage ORF245 (105), for which there is no
reported parallel for AbiK.

The abi-P2 gene is not plasmid-encoded but is found
in two P2 prophages in E. coli strains ECOR30 and
ECORS58 of the ECOR collection. The two abi-P2 genes

FIGURE 5 Amino acid alignment of reverse transcriptase (RT) motifs O to 7 for different
classes of RTs in bacteria and eukaryotes. Three example sequences are presented for
each class for motifs O to 7. Sequences in black lettering and bold color shading are clearly
alignable with group Il introns, while sequences in gray and light color shading are am-
biguously alignable. Sequences not shown indicate unalignability with group Il RT se-
guence motifs, although similar structures are likely present in the proteins. Positions with
>30% identity across the entire alignment are back-shaded in colors to highlight the most
conserved residues across RT classes. For comparison, the sequences of major classes
of eukaryotic RTs are listed, as well as a consensus sequence for the Pfam group, RNA-
dependent RNA polymerase (RdRP) 1, which among RdRPs has the greatest alignability
to group Il RTs. Asterisks above the alignment mark the three catalytic aspartate residues
in motifs 3 and 5 and the active site lysine in motif 6. DGRs, diversity-generating retroele-
ments; LTR, long terminal repeat; PLEs, Penelope-like elements; TERT, telomerase reverse
transcriptase. doi:10.1128/microbiolspec. MDNA3-0058-2014.f5
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FIGURE 6 AbiK and abortive infection. (A) During abortive infection by AbiK, the phage
injects its DNA into a Lactococcus lactis cell, but the multiplication cycle is blocked
through an undefined mechanism by the AbiK protein. Although not necessarily a suicide
mechanism, most cells still die and infective phages are not released. (B) The AbiK pro-
tein contains reverse transcriptase (RT) motifs 1 to 6 and 7 is essentially unalignable with
group Il introns. Estimates for the boundaries of the RT domain and thumb domain of
the polymerase are indicated with dotted lines. In addition, the proteins contain a short
N-terminal extension and a ~840 bp C-terminal extension (drawn to scale for AbiK of
Lactococcus lactis [96]). (C) Purified AbiK protein has a terminal transferase activity,
with the synthesized DNA becoming covalently linked to the AbiK protein. In the “label”
reaction with low concentrations of [a->2PITTP, AbiK produce a short poly T DNA that
is covalently linked to the AbiK protein. In the “chase” reaction, high concentrations of
dNTPs cause polymerization of hundreds of nucleotides of heterogeneous sequence.

doi:10.1128/microbiolspec. MDNA3-0058-2014.f6

share ~75% identity. When ORF570 of ECOR30 was
expressed on a plasmid in E. coli strain BL21(DE3), the
strain was rendered resistant at levels of 107 relative
to infection by T5 phage, but there was no effect on
infection by lambda, T2, T4, or T6 phages (106). The
expressed ORF570 was reported to have RT activity in
a biochemical assay, but the assays were with crude ex-
tracts under conditions where artifactual incorporation
can occur (96).

Together, the AbiK, AbiA, and Abi-P2 all give similar
properties of resistance against phage infections. It is
tempting to suspect that they use similar mechanisms;
however, this cannot be automatically assumed because
their RT sequences are quite distantly related (Fig. 5).
For example, only RT motifs 4, 5, and 6 align con-
vincingly between AbiA and AbiK in a pairwise align-
ment (Wu and Zimmerly, unpublished). Interestingly,
homologs of AbiK, AbiA, and Abi-P2 are present in a
wide range of species across multiple eubacterial phyla,
including in clinical isolates (107; Wu and Zimmerly,

unpublished). At the very least, AbiA, AbiK, and Abi-P2
point to a family of mechanisms of phage resistance
conferred by RT-related proteins, which are not yet
understood.

rvt RETROELEMENTS

Discovered only in 2011, rvt elements are found pri-
marily in eukaryotes, but there are a few examples in
bacteria (108). Their distribution is sporadic, with most
examples found in diverse fungi. Homologs are iden-
tified in animals (rotifers), plants (moss), strameno-
philes (water molds), and a bacterium (Herpetosiphon
aurantiacus). The RVT proteins are 800 to 1,000 aa
long, and include a ~300 aa N-terminal extension and
~200 aa C-terminal extension, neither of which con-
tains a discernible protein motif (Fig. 7A). In most
cases, rvt genes are found as single copies in genomes,
although sometimes there are two nonidentical copies

(108).
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FIGURE 7 The rvt element. (A) The RVT ORF contains reverse
transcriptase (RT) motifs 1 to 6, while motif 7 and thumb do-
mains are unalignable with group Il RTs but are presum-
ably present in the polymerase structure. Estimates for the
boundaries of the RT domain and thumb domain of the po-
lymerase are noted with dotted lines. The large N-terminal
and C-terminal extensions have no detectable protein motifs
(drawn to scale for the N. crassa RVT [108]). (B) Purified RVT
protein has terminal transferase activity that requires an RNA
or DNA primer and has a preference for nucleoside triphos-
phates (NTPs) over deoxynucleoside triphosphates (dNTPs).
When purified RVT protein is incubated with [a->2P]dCTP,
a short sequence is synthesized, which is extended by either
NTPs or dNTPs in a chase reaction. doi:10.1128/microbiolspec
.MDNA3-0058-2014.f7

The only full-length bacterial rvt gene is found in
H. aurantiacus, a predatory, filamentous gliding bac-
terium of the phylum Chloroflexi. Additionally, two
partial sequences are reported from environmental
samples deemed to be bacterial. The closest relatives of
the H. aurantiacus rvt gene are not bacterial RTs but
eukaryotic RTs, suggesting that the vt gene was trans-
ferred horizontally from a eukaryote to a bacterium
rather than vice versa.

The rvt gene of Neurospora crassa has been studied
genetically and biochemically. Interestingly, an rvt
knockout in N. crassa exhibited no phenotype, revealing
a nonessential role. Under normal laboratory growth
conditions, the gene was transcribed at low levels, but
transcription was elevated 50-fold when N. crassa was
grown in the presence of drugs that disrupted translation
or blocked histidine biosynthesis, implying that the ele-
ment is responsive to stress conditions (108).

Like AbiK, purified N. crassa RVT showed terminal
transferase activity and inability of template-dependent
polymerization (Fig. 7B). Contrasting with AbiK’s po-
lymerization activity, RVT showed a strong preference

Reverse Transcriptases in Bacteria

for nucleoside triphosphates (NTPs) over deoxynucleo-
side triphosphates (ANTPs). A primer of either RNA or
DNA was inferred to be used in the in vitro reactions
but was not defined. Similar to AbiK, it remains possi-
ble that RVT possesses RNA-dependent DNA poly-
merization activity under conditions not tested. Also
left unresolved is the biological function of the element.
Paralleling retrons, the rvt elements presumably bene-
fit their hosts through an unknown activity in order to
account for their maintenance as single-copy genes over
evolutionary time in the absence of retromobility.

RTs ASSOCIATED WITH
CRISPR-Cas SYSTEMS

Although not experimentally investigated, a subset of
bacterial RTs can be concluded to contribute to cellu-
lar defense against phages and foreign DNA through
CRISPR/Cas systems, which are a large family of adap-
tive immunity systems in bacteria (109, 110, 111). The
RTs classified as G2L1 and G212 are associated with
cas1 genes of CRISPR/Cas loci. Most G2L1 RTs are
fused to the ORF of cas1, whereas G2L2 RTs are free-
standing genes located adjacent to casl genes (88).
The cas1 gene is universally present in all subtypes of
CRISPR/Cas systems and encodes a metal-dependent
nuclease that forms a complex with the Cas2 protein.
The resulting nuclease activity is essential for integrat-
ing new spacer sequences into CRISPR arrays (112),
giving the bacterium immunity against phages or plas-
mids containing those sequences. It seems likely that the
CRISPR-associated RTs are involved in the insertion
of new spacer sequences into CRISPR arrays using a
mechanism similar to, and derived from, group II intron
retromobility.

FUNCTIONS OF THE OTHER
UNCHARACTERIZED RETROELEMENTS
IN BACTERIA

Apart from group II introns, there is no evidence for
active retromobility of bacterial RTs. None are present
in genomes in more than one (identical) copy, nor are
there easily discernible repeats flanking the RT genes
that could be remnants of insertion events (Wu and
Zimmerly, unpublished). If the RTs are, in fact, part
of mobile DNAs, the mobility levels would have to be
much lower than for group II introns or most other
mobile DNAs. It is tempting to predict that most, if
not all, of the putative RTs carry out useful functions
for their host organisms and are retained and spread

ASMscience.org/MicrobiolSpectrum
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horizontally for the benefits they provide, rather than
their retromobility.

A number of uncharacterized RTs have appended
protein motifs that give hints as to their biochemical
reactions. Peptidase motifs are found at the C-terminus
of two subsets of retron RTs—either a trypsin-2 motif
or a gluzincin (zinc-dependent) proteinase motif (87)
(Fig. 4). Unknown classes 1 and 5 have an appended
C-terminal nitrilase (C-N hydrolase) motif (87). Proteins
with nitrilase domains break C-N bonds in nonpeptide
cleavage reactions and they are implicated in processes
of small molecule metabolism, detoxification, signaling,
and posttranslational modification (89). The fimbrial
domain found in unknown class 4 RTs is a pilus-related
protein that serves structural roles in many processes
including conjugation, intracellular trafficking, adhe-
sion, and secretion (88). The primase domain in un-
known class 10 suggests a concerted priming and reverse
transcription reaction by the two polymerase domains of
the protein.

A second source of information about the function of
genomic elements can come from flanking genes or gene
neighborhoods (87). Interestingly, RTs of unknown
class 3 and unknown class 8 are found adjacent to each
other in genomic sequences (87), suggesting that they
operate together, perhaps forming a heterodimer and/or
performing two distinct polymerization reactions in a
process. More recent attempts to identify homologous
flanking genes within the unknown classes did not iden-
tify additional conserved flanking genes as candidate
cofactors for RT functions, although it is possible that
such genes were overlooked (Wu and Zimmerly, un-
published).

Overall, despite the clues provided by the motifs
appended to RT domains, there remains an exceedingly
wide range of possibilities for the reactions and func-
tions of the RTs. Given the range of properties uncov-
ered for some of the example RTs, often involving phage
resistance (Fig. 4), it seems highly likely that they are
involved in novel biochemical reactions. We can look
forward to interesting biochemistry and biological phe-
nomena from these elements.

EVOLUTIONARY CONSIDERATIONS
The origin and evolution of RT has been the subject

117). The enzyme has often been postulated to date
back to the transition from the RNA to the DNA world
(118, 119, 120). According to this scenario, the first
polymerase would have consisted of RNA molecule

(ribozyme), which exhibited RNA-dependent RNA po-
lymerase (RdRP) activity (121). The RNA-only enzyme
would have evolved into an RNP enzyme and it would
have eventually been replaced by a protein-only poly-
merase. One hypothesis holds that the catalytic region
of contemporary polymerases is a remnant of that an-
cient, substrate-binding polypeptide, which then gained
catalytic activity and supplanted the ribozyme poly-
merase (118). RT polymerases would have derived
from this ancient protein RARP, and helped to drive
the transition from ancient RNA-based life forms to
modern organisms with DNA as the dominant genetic
material.

It is worth keeping in mind that all right hand poly-
merases had a common ancestor. These include, in ad-
dition to RTs, the A, B, and Y families of replicative DNA
polymerases (e.g., E. coli pol I, E. coli pol I, and human
pol I, respectively), single-subunit DNA-dependent RNA
polymerases (e.g., T7 RNA polymerase), and RNA-
dependent RNA polymerases (RARPs) (91, 92). A recent
study superimposed representative polymerase crystal
structures and revealed that all six families had a com-
mon structural core of 57 superimposable amino acids,
corresponding to the heart of the palm domain and in-
cluding the aspartate residues that coordinate the cata-
lytic metal ions (92). It can be reasonably assumed that
the ancestral RT contained this 57 aa structural core. On
the other hand, it may be grist for debate whether the first
protein polymerase is best represented by RARPs or RTs,
or was a distinct enzyme that was less specialized than
all contemporary polymerases.

Bacterial RTs are usually considered to be older than
eukaryotic RTs. Specifically, bacterial group II intron
RTs are thought to have given rise to eukaryotic non-
LTR RTs, because of similarities in their sequences and
mechanisms (8, 116, 117). In their sequences, group II
and non-LTR RTs share motifs 0 and 2a (in addition
to the conserved RT motifs 1 to 7), making them sister
families of RTs (122) (Fig. 5). Mechanistically, group 11
introns and non-LTR elements share the retromobility
mechanism of TPRT, in which the DNA target is cleaved
by the RT’s endonuclease domain to form a primer for
reverse transcription (38, 123). Given that group II in-
trons are widely considered to be the ancestors of nuclear
spliceosomal introns (124), it is quite plausible that their
invasion of the ancestral nuclear genome gave rise to
nuclear non-LTR retroelements as well as spliceosomal
introns (38). Other classes of eukaryotic retroelements
(e.g., LTR elements, hepadnaviruses), which have more
elaborate mechanisms and machineries, might have de-
rived from non-LTR retroelements (8, 116, 125).
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In any case, the many new types of RTs and RT-
related proteins in bacteria raise new possibilities for
the evolution of reverse transcriptase. The number of
bacterial classes raises the possibility that RT might have
migrated multiple times from bacteria to eukaryotes
(in addition to the group II/non-LTR migration) be-
cause eukaryotic RTs themselves are not closely related
(Fig. 5). The low sequence similarity of eukaryotic RTs
might reflect different ancestors rather than a sequential
pathway of eukaryotic diversification and evolution
from a non-LTR retroelement. Another provocative
possibility is suggested by the fact that among bacterial
RTs, only group Il introns appear to be actively mobile.
This suggests that the oldest RTs may have been non-
replicative polymerases that performed useful functions
in their bacterial hosts. From these RTs emerged a selfish
DNA (group II intron) that was capable of multiplying
through retrotransposition, which eventually gave rise
to eukaryotic retroelements. Of course, the precise his-
tory of RT may be ultimately unknowable. Still, these
bacterial RT-related enzymes expand the biochemical
and biological properties possible for an ancestral re-
verse transcriptase, and are fodder for consideration of
the origin and evolution of RTs and polymerases.
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