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Abstract

The duality of group II introns, capable of carrying out both self-splicing and retromobility 

reactions, is hypothesized to have played a profound role in the evolution of eukaryotes. These 

introns likely provided the framework for the emergence of eukaryotic retroelements, spliceosomal 

introns and other key components of the spliceosome. Group II introns are found in all three 

domains of life and are therefore considered to be exceptionally successful mobile genetic 

elements. Initially identified in organellar genomes, group II introns are found in bacteria, 

chloroplasts and mitochondria of plants and fungi, but not in nuclear genomes. Although there is 

no doubt that prokaryotic and organellar group II introns are evolutionary related, there are 

remarkable differences in survival strategies between them. Furthermore, an evolutionary 

relationship of group II introns to eukaryotic retroelements, including telomeres, and spliceosomes 

is unmistakable.
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Group II introns are ribozymes and mobile genetic elements

Mobile group II introns are ribonucleoproteins (RNPs), which consist of a catalytic RNA 

(ribozyme) and an intron-encoded protein (IEP) containing reverse transcriptase (RT) 

activity (Figure 1) [1, 2]. The RNP is formed prior to IEP-assisted intron splicing from pre-

mRNA and the IEP then plays an instrumental role in the mobility of that intron [1, 3–5].

Since the RNA folding is key to ribozyme activity, it is not surprising that group II intron 

RNAs possess a common secondary and tertiary structure, with minor variation, despite very 

little conservation of their primary sequences. The group II intron RNA secondary structure 

consists of six double-helical domains, DI to DVI, with DI, DV and DVI playing essential 
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roles in splicing (Figure 1B) [1, 3–5]. DI is the largest domain and forms a structural 

scaffold for the molecule and also contains the exon recognition elements (exon binding 

sites, EBSs) [2, 6–8]. DV is the most highly conserved domain and contains the so-called 

“catalytic triad” (usually AGC, but often CGC), which binds catalytically important Mg2+ 

ions and, in combination with parts of DI, forms the active site. DVI contains a bulged 

adenosine, the nucleophile involved in initiation of the splicing reaction that results in intron 

lariat formation [2, 6–11].

Group II intron splicing involves two successive transesterification reactions that produce 

ligated exons and release the intron (Figure 2A). Although group II introns are catalytic 

RNA molecules that are capable of self-splicing in vitro, the IEP is required to achieve and 

stabilize the catalytically active RNA structure in vivo. IEPs are multifunctional proteins 

containing conserved RT domains as well as a domain X associated with RNA binding and 

maturase activity involved in splicing. There are also DNA binding and DNA endonuclease 

domains involved in mobility (Figure 1) [1–4, 8].

In order to mobilize, the two components of the intron RNP, the RNA core and the IEP, 

collaborate in recognition and invasion of intronless DNA alleles (retrohoming) or ectopic 

sequences (retrotransposition). Just like eukaryotic non-LTR retrotransposons, mobile group 

II introns utilize a target DNA-primed reverse transcription (TPRT) mechanism for their 

mobility [1, 3, 4]. During TPRT, in both retrohoming and retrotransposition, intron RNA 

reverse splices into DNA followed by reverse transcription of the intron. The integration 

occurs into dsDNA for most cases of retrohoming, and the primer for cDNA synthesis is 

provided by a nick introduced by the IEP’s endonuclease activity, leading to high-efficiency 

intron inheritance events (Figure 2B). In a low-frequency retrotransposition pathway, the 

intron recognizes degenerate sites and targets predominantly ssDNA, often at replication 

forks. Here, Okazaki fragments usually serve as primers for reverse transcription.

Diversity of group II introns

Group II introns come in diverse forms, which deviate from the classic description above 

(Figure 3A) [5]. For example, some group II introns lack the endonuclease domain in their 

IEPs and retrohome into ssDNA [12, 13]. Others have been split into two or more pieces that 

are located at distant loci in the genome [14–16]. There are additional examples of group II 

introns that carry homing endonucleases rather than reverse transcriptase coding sequences 

[17, 18]. There are also introns nested inside other introns, called twintrons, and introns with 

degenerate ribozyme structures incapable of self-splicing [5, 19, 20].

Classification of group II introns is based on either RNA or IEP components (Figure 3B). 

According to phylogenetic analysis of RT amino acid sequences, all prokaryotic and 

eukaryotic RT-containing elements are related to each other [21]. Moreover, group II introns 

seem to be closely related to non-LTR retrotransposons and telomerase (Figure 3B) [2, 5, 

22–24]. Group II introns are represented by eight major lineages: A–F, chloroplast-like 

(CL), and mitochondrial-like (ML), as well as a few less prominent varieties [25–27]. 

Although, as noted above, the RNA fold is highly conserved, there are three major variations 

in group II intron RNA structures which were identified as three distinct subgroups: IIA 
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(lineage ML), IIB (lineages A, B, D–F, and CL), and IIC (lineage C) [1, 20, 25–27]. These 

two classification systems allow one to categorize all known group II introns regardless of 

differences in their organization.

Bacterial group II introns are scarce

Bacterial group II introns are highly variable in abundance and diversity even between 

closely related species and strains [20, 25, 26, 28]. Most bacterial genomes harbor only a 

few introns [25, 26, 29], which represent a minuscule fraction of the genome when 

compared to other bacterial mobile elements [30]. This paucity of group II introns likely 

reflects host-cell defense mechanisms against intron proliferation [31]. The majority of 

known bacterial group II introns are far from the ‘classic’ full-length mobile forms and are 

represented by inactive, truncated vestiges often associated with sequences non-essential to 

the host, including conjugative plasmids and other mobile elements [32, 33], and in non-

coding regions such as downstream of transcription terminator motifs or other inverted 

repeats [34, 35]. It should be noted that there are no algorithms to identify novel group II 

introns if they lack an IEP [36], and therefore the diversity and distribution of bacterial 

group II introns and their remnants might be underestimated [37].

Studies from diverse bacterial species show that group II introns undergo waves of 

proliferation, albeit rarely, and these bursts are in response to stressors, such as starvation 

[38–40]. These proliferative bursts are followed by rapid elimination of the resulting copies 

even without saturation of target sites, indicating a selective constraint on proliferation, 

likely due to the deleterious nature of the intron. Similar cycles of gain and loss are common 

among other prokaryotic mobile genetic elements as well [41]. Nevertheless, purifying 

selection against group II intron proliferation is somewhat unexpected, as the group II intron 

has the ability to splice precisely from the RNA transcript, which should, at least in theory, 

limit the negative effect of the insertion on bacterial fitness. However, splicing efficiency is 

known to vary dramatically among group II introns and under different conditions [42–46]. 

Other deleterious effects of intron proliferation may include non-specific insertions via 

retrotransposition, increased genomic instability due to recombination between newly 

emerged intron copies, and an increased replication cost for highly streamlined bacterial 

genomes. Thus, bacteria harboring new intron copies are likely rapidly removed from the 

population due to intron burden to the host.

One way to circumvent elimination from the population would be to keep the number of 

copies in check by targeting loci with low transcription rates, e.g. regions downstream of 

transcription terminators [34, 35]. Invading other mobile genetic elements is another 

successful evasion strategy, which is common among bacterial group II introns [32, 33]. By 

inserting into intergenic regions or other mobile genetic elements, bacterial group II introns 

can result in genome plasticity. For example, a specific lineage of group IIC introns is often 

found inside integrons [35, 47]. Integrons are genetic elements able to acquire and rearrange 

open reading frames (ORFs) into gene cassette units playing important roles in the evolution 

of multiresistance plasmids and horizontal gene transfer (for review see [48]). A major 

unanswered question is how genes are recruited into cassettes. It was proposed that group II 

introns provide RT activity during genesis of integron gene cassettes [35, 47].
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Although data are scarce, bacterial group II introns may have post-transcriptional regulatory 

potential. One of the few introns within essential genes is the Avi.groEL intron from 

Azotobacter vinelandii, which is located within the termination codon of the housekeeping 

gene groEL encoding heat-shock protein Hsp60. Surprisingly, splicing of the Avi.groEL 
intron in vitro is activated only at elevated temperatures, suggesting a potential role in heat-

shock regulation [42, 49]. Finally, some group II intron vestiges are stably maintained in the 

genomes of nitrogen-fixing Sinorhizobium species, hinting at functional importance [37]. A 

remnant of the RmInt1 intron, FRE652, is located in intergenic sequence that may be 

involved in establishing the symbiotic relationship with the plant host. Retention of FRE652 

over evolutionary time led to the hypothesis that FRE652 evolved into a cis-regulatory 

element [37].

Organellar group II introns are abundant

Mitochondrial (mtDNA) genomes of fungi, protists and a few primitive metazoans as well as 

chloroplast genomes (cpDNA) often contain a plethora of group II introns. They are 

particularly prevalent in the mtDNA of higher plants [5, 50]. Both cpDNA and mtDNA are 

highly dynamic and exhibit substantial variation in content and organization even among 

closely related species. There is a myriad of processes driving the divergence, including 

ongoing intracellular transfer of genes to the nucleus, gene duplication and loss, pervasive 

rearrangements, and recurrent horizontal gene transfer. Group II introns are actively involved 

in shaping their host genomes via mobility and horizontal transfer. Indeed, waves of group II 

intron proliferation were reported for some green algae [51, 52]. A remarkable example of 

intron propagation was found in cpDNA of the freshwater euglenid Euglena gracilis with 

almost all of its protein-coding genes interrupted [53]. Additionally, at least two bursts of 

intron gain in cpDNA were described in another euglenid Monomorphina aenigmatica [54]. 

Moreover, horizontal transfer was suggested based on cpDNA intron similarity between 

diatoms and green algae [55] as well as between cryptophytes and euglenids [56].

Organellar group II introns often exhibit the features of “domestication”, whereby they have 

adapted to their host. They reside almost exclusively in housekeeping genes, lacking one or 

another key component necessary for self-splicing and mobility. Often, only one of the 

group II introns within an organellar genome retains a protein-coding sequence. For 

example, in land plant cpDNA, often only the trnK intron within a tRNA gene contains an 

ORF that encodes a protein, MatK, with RT and maturase activities [57, 58]. In mtDNA, 

only the fourth intron of the nad1 gene has an ORF, which encodes a similar protein, MatR 

[59, 60]. It has been proposed that MatK in plastids and MatR in mitochondria promote 

splicing of multiple organellar introns in trans [58, 60]. In contrast, IEPs from bacterial 

group II introns usually serve only their cognate intron.

Both MatK and MatR, with their RT and maturase activities, are somewhat conserved 

between plants species. MatK and MatR work in combination with nuclear RNA processing 

factors and represent “a model for an early proto-spliceosomal activity” [58, 60], possibly 

providing insight into spliceosome evolution in early eukaryotes [50]. These organellar 

“proto-spliceosomes” are quite complex, facilitating splicing of different introns, and 

involving multiple proteins with diverse properties. Among the protein factors identified so 
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far are nuclear-encoded maturases (nMATs), RNA chaperones, RNA stabilizing proteins, 

and RNA helicases [50, 61]. Recently, a multimolecular RNP supercomplex was 

characterized for trans-splicing group II introns from cpDNA of the green alga 

Chlamydomonas reinhardtii, revealing striking similarity to the nuclear spliceosome, such as 

dynamic association of trans-acting RNAs with a set of protein splicing factors [62].

The matK ORF as well as trnK/matK datasets are widely used as markers in plant phylogeny 

reconstructions due to their rapid evolution, in contrast to other cpDNA regions [63]. More 

specifically, studying organellar group II introns and their splicing machinery might help us 

to resolve mysteries of spliceosomal intron emergence and the origin of the spliceosomal 

proteins. Keeping in mind that one of the key spliceosomal proteins, Prp8, displays 

homologies to group II intron IEPs and likely evolved from an ancestral maturase [2, 7, 23, 

50, 64], understanding how organellar maturases act on multiple targets may help to answer 

the question of how maturase evolved into a core spliceosomal factor.

Breaking bad and giving rise to a spliceosomal catalytic core

Despite the putative ancestral relationship between group II introns and spliceosomal 

introns, no group II introns have been found in eukaryotic nuclei. However, virtually all 

extant eukaryotic nuclear genomes carry spliceosomal introns, which, unlike self-splicing 

group II introns, rely on a multitude of trans-acting factors that comprise a spliceosome. 

Interestingly, when introduced into one of several yeast nuclear genes, the bacterial and 

mitochondrial group II introns prevent their transcript from translation, even when 

successfully spliced, and it remains unclear why [65–67]. The group II intron-spliceosome 

transition therefore remains mysterious and is speculated upon below.

The spliceosome has been described as one of the most complex macromolecular machines 

known [68, 69]. It is a highly dynamic RNP complex that comprises five small nuclear 

RNAs (snRNAs) and a multitude of proteins forming a tight interacting network of 

molecules [64]. In the past few years, cryo-EM has led to profound structural insights of a 

number of spliceosomes at different stages of splicing [70–73]. Although the origin and 

evolution of spliceosomal introns and spliceosomes can be a polarizing question [74, 75], 

structural and functional comparison between the spliceosomal and group II intron 

complexes make their close relationship irrefutable. It is widely assumed that mobile group 

II introns from a bacterial progenitor of mitochondria invaded the chromosomes of the 

emerging eukaryote and rapidly proliferated to multiple genomic sites [24, 76].

There are many similarities between group II and spliceosomal introns in terms of splicing 

mechanism and structure that are hard to explain by convergent evolution alone. First, both 

group II and spliceosomal introns undergo two identical transesterification reactions 

resulting in a lariat form of the intron and ligated exons (Figure 2A). Second, structural and 

functional parallels between group II intron RNAs and spliceosomal snRNAs are striking [2, 

4, 5, 7, 77]. The most frequently invoked feature is the branch-site motif with the bulged A 

involved in the very first step of splicing. Whereas the bulged A is located within a helix of 

DVI in group II introns, a similar structure with the bulged A is formed by the pairing of the 

U2 snRNA to the spliceosomal intron’s branch point sequence (Figure 4A). Furthermore, in 
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group II introns the catalytic triad in DV corresponds to a triad in the U6 snRNA, both 

binding catalytic Mg2, and interactions between DI in group II introns and intron binding 

sequences resemble the U5 snRNA base-pairing to 5′ and 3′ exons (Figure 4A) (recently 

reviewed in [4]). Finally, a recent cryo-EM structure of a bacterial group II intron RNP 

complex demonstrated a striking structure-function similarity in active site organization 

between the group II intron RNP that includes the IEP and the yeast spliceosome [2, 23]. 

Importantly, not only the RNA component but also specific domains of the IEP and Prp8 

form highly similar structures within their respective active sites, making the case for an 

evolutionary connection between group II introns and the spliceosome even stronger. A 

pertinent example is the buttressing of group II intron DI or U5 snRNA interactions with 

their respective exons by Prp8 (Figure 4A). Strengthening the case, the crystal structures of 

the maturase domain from two different group II introns were shown to be similar in 

architecture to Prp8, and, interestingly, they also share similarity with the flaviviral RNA-

dependent RNA polymerases [7].

When and why have spliceosomal introns and the spliceosome emerged? The question of an 

intron-poor versus an intron-rich eukaryal ancestor is not a trivial one. While multicellular 

eukaryotes such as plants and animals are generally intron-rich, most unicellular eukaryotes 

are intron-poor. Thus, it may be that introns accumulated in the course of evolution of 

eukaryotes. However, multiple studies suggest the opposite, namely that an intron-rich 

ancestor existed and that intron loss occurred in many eukaryal lineages [78, 79]. 

Regardless, the transition from group II introns to the spliceosome and spliceosomal intron 

accumulation would have occurred prior to the last eukaryotic common ancestor.

It has been proposed that rapid proliferation of group II introns transferred from bacterial 

progenitors of the mitochondria into the chromosome of a proto-eukaryotic organism caused 

genome instability (Key Figure, Figure 5). The emergence of the spliceosome, and likely the 

nucleus, was necessary to curb the deleterious effects of this proliferation [24, 76]. Under 

this scenario, first, group II introns acted as selfish mobile elements spreading across 

chromosomes. Next, some of the newly emerged intron copies were fixed and subsequently 

fragmented into the spliceosomal introns and evolved into the snRNAs and Prp8 [64], the 

active molecules of the spliceosome itself.

Chromosome linearization could also have been triggered by group II intron proliferation 

and emerged as a defense against deletions caused by recombination between intron copies 

within a circular genome [24, 76, 80]. Linear chromosomes require maintenance of their 

telomeres, performed either by telomerase or, in some cases by retrotransposons [81–83]. 

The fruit-fly Drosophila, which lacks telomerase, has long head-to-tail arrays of 

retrotransposons that maintain chromosome ends [82]. Furthermore, Penelope-like elements 

(PLEs) lacking endonuclease domains are located at telomeres in organisms as diverse as 

rotifers and plants and have been shown to be closely related to telomerases [21, 81]. 

Remarkably, RT activity of telomerase, PLEs and non-LTR retroelements likely share a 

common ancestor with group II introns (Figure 3B and 4B) [2, 21, 24, 81, 84].

Thus, several characteristic features of eukaryotic nuclear genome organization and function 

such as exon-intron architecture of the gene, some components of the spliceosome, linear 
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chromosomes, telomerase and retrotransposons are evolutionarily linked, directly or 

indirectly, to mobile group II introns. These self-splicing introns and their associated 

proteins must, therefore, be considered important elements in the evolution of the ancestral 

eukaryotic cell. Not only are group II introns pivotal elements in the prokaryotic-eukaryotic 

transition but they have also been exploited for biotechnological application in two different 

ways (reviewed in [85]). First, given that the introns can target DNA in site-specific fashion, 

their target-site specificity can be reprogrammed to recognize virtually any DNA sequence. 

These so-called “targetrons” have been used for site-specific genome modification in a 

variety of bacteria with intractable genetic systems. Second, thermostable group II intron 

RTs are being used for applications ranging from qRT-PCR through RNA-seq to sequence 

highly structured and modified RNAs [86].

Concluding remarks and further perspectives

Group II introns are unique retroelements possessing ribozyme activity. In bacteria, group II 

introns seem to be scarce but active mobile retroelements. One of the questions for the future 

is how such robust retrotransposons are silenced in a way that is consistent with cellular 

well-being, while being capable of bursts of movement when triggered by environmental 

stresses (See Outstanding Questions). In organellar genomes, on the other hand, they are 

often domesticated, lack mobility and are tightly regulated, again by mechanisms that 

remain to be determined. While group II introns are versatile retroelements, they are also 

thought to have given rise to a multitude of diverse eukaryotic sequences and functions. 

Among them are RNA and protein components of the spliceosome. Intriguing ancestral 

relationships also exist among group II introns, non-LTR retrotransposons and telomerase. 

Although there has been great progress in expanding our understanding of the inner 

workings of group II introns, non-LTR retrotransposons, spliceosomal introns and 

telomerases during the last decade, many more mysteries remain as to their origins and 

precise evolutionary relationships. Meanwhile, application of group II introns in 

biotechnology is proceeding apace.

OUTSTANDING QUESTIONS BOX

Do bacterial group II introns act exclusively as mobile elements or do they have 

roles in bacterial genome function?

Is there a potential function of group II introns in organelles and how is their 

splicing regulated?

How did group II intron proliferation trigger emergence of the spliceosome?

How did group II intron maturase evolve into core spliceosomal factor Prp8?

What is the evolutionary relationship between group II introns, retrotransposons 

and telomerases?
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TRENDS BOX

Mobile group II introns are both ribozymes and retroelements. They are believed 

to be the progenitors of spliceosomal introns and some components of the 

spliceosome and are also closely related to eukaryotic retroelements.

Whereas prokaryotic group II introns act predominantly as mobile elements, 

organellar group II introns exhibit the features of domestication. Studying both 

provides clues into their evolutionary dynamics.

Group II intron ribonucleoproteins also bear similarities to retrotransposons, 

telomerases and viral polymerases.
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Figure 1. Structural organization of a mobile group II intron
A. Molecular structure of the bacterial group II intron RNP complex. The catalytic RNA 

(DI–DVI) is complexed with the IEP [2].

B. Group II intron RNA secondary structure (bottom) and IEP domain organization (top) [4]. 

Six conserved structural domains are indicated (DI–DVI) in RNA structure with IEP ORF 

looped out of DIV (not to scale). The domains of both the RNA and IEP are color-coded as 

in A. Conserved domains shown in IEP are reverse transcriptase (RT), domain associated 

with RNA binding and splicing activity (maturase, X), DNA binding domain (D), and 

endonuclease domain (En).
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Figure 2. Group II intron splicing and retromobility
A. RNA splicing of group II introns. Splicing includes two transesterification reactions (1 

and 2). In the first reaction, the 2′-OH of the branch-point adenosine of the intron (red 

circle) acts as nucleophile to attack the 5′ splice site. During the second reaction, the newly 

released 3′-OH of the upstream exon (black rectangle) attacks the 3′ splice site, resulting in 

ligated exons and an intron lariat. Both reactions are reversible.

B. Group II introns utilize a target DNA-primed reverse transcription (TPRT) mechanism for 

their mobility. Retrohoming of group II introns usually occurs into a specific dsDNA 

homing site (HS, black dot) with high efficiency. A primer for TPRT initiation is often 

provided by the endonuclease of the IEP, which cleaves the bottom strand of the target site 

(indicated as 1). Alternatively, during group II intron integration into ssDNA, an Okazaki 

fragment (indicated as 2) serves as primer for reverse transcription.
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Figure 3. Diversity of group II introns and their relationship to other prokaryotic and eukaryotic 
RT-containing elements
A. Variations in group II intron structural organization. Introns lacking the En domain, 

degenerate introns lacking some or all RT activity but maintaining the maturase function 

(e.g. chloroplast gene trnK and its IEP, MatK), and trans-splicing introns are shown [4, 5, 15, 

16].

B. Evolutionary connections between RT-containing elements (right) (based on [26, 28] with 

modifications). Group II introns are related to all other RT-containing elements found in 

prokaryotes and eukaryotes (left) (based on [21] with modifications). LTR, long terminal 

repeat retrotransposons; DGR, diversity-generating retroelements; retro-pl, retro-plasmids; 

RVT, reverse transcriptase-related cellular genes; TERT, telomerase RT; PLE, Penelope-like 

element retrotransposons. Eight major lineages of the group II introns based on their RT 

domain are shown as red sectors (A–F, CL, and ML) (right). Intron subclasses based on 

RNA structure characteristics are indicated in parenthesis (IIA–IIC). Although the number 

of known group II introns is steadily growing, the evolutionary relationship between major 

lineages of introns remain unresolved [1, 5, 26, 28].
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Figure 4. Similarities between group II intron RNP and spliceosome active site
A. Interactions in group II intron RNP active site and in activated spliceosome (recently 

reviewed in [4]). DI, domain I; DV, domain V; DVI, domain VI; IEP, intron-encoded protein; 

Y corresponds to C or U; R corresponds to A or G. Only some of the spliceosome 

components are shown for clarity. The 5′ exon is shown as a black bar and the 3′ exon is 

shown as an open bar, the bulged adenosine is in a circle, and residues involved in Mg2+ 

coordination are labeled with orange dots. Molecules showing homology in structure and 

function are in the same color.

B. Comparison of tertiary structure of group II IEP, Prp8 and telomerase. Group II intron 

IEP fingers and palm (PDB code: 5G2X) and telomerase RT (PDB code: 3DU6) domains 

are on the left, and IEP X/thumb domain and Prp8 (PDB code: 3JB9) are on the right. 

Corresponding structures are superimposed [2].
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Key Figure, Figure 5. Mobile group II introns as ancestral eukaryotic elements
Group II introns are related to spliceosomes, telomerase and other eukaryotic RT-containing 

elements [4, 21, 24, 81, 84]. Bacterial (bright red) and organellar (dark red) group II introns 

are thought to have been involved in key evolutionary transitions (black arrows) which led to 

the emergence of eukaryotic nuclear genome organization and function such as spliceosomal 

introns (light blue), linear chromosomes with telomeres plus telomerase (green), and 

retrotransposons (dark blue arrows). Contrasting characteristics of bacterial (bright red) and 

organellar group II introns (dark red) are listed below. Under the endosymbiotic scenario of 

the origin of the eukaryote cell, it is assumed that group II introns invaded the nuclear 

genome from either a bacterial progenitor of mitochondria or a proto-mitochondrion [24, 

76]. An extensive proliferation of mobile group II introns to multiple genomic sites gave rise 

to the spliceosomal introns (light blue) and drove the evolution of a general splicing 

machinery to curb the deleterious effects of group II intron invasion [24, 76]. Additionally, a 

switch from circular to linear chromosomes could have occurred in response to the genome 

instability due to recombination between intron copies within a circular genome [24, 76, 80]. 

Linear chromosomes require maintenance of their telomeres (circles), performed either by 

telomerase (green) or, in some cases, by retrotransposons (dark blue arrows) [81–83].
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