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Abstract 

Retroelements are mobile elements that are capable of transposing into new loci within 

genomes via an RNA intermediate. Various types of retroelements have been identified 

from both eukaryotic and prokaryotic organisms. This dissertation includes four 

individual projects that focus on using bioinformatic tools to analyse retroelements in 

bacteria, especially group II introns and diversity-generating retroelements (DGRs). The 

introductory Chapter I gives an overview of several newly identified retroelements in 

eukaryotes and prokaryotes. In Chapter II, a general search for bacterial RTs from the 

GenBank DNA sequenced database was performed using automated methods. It not 

only enlarged the collection of bacterial reverse transcriptases (RTs), but also revealed 

several new classes of RTs. In Chapter III, another automated search was performed to 

identify group II introns. All predicted introns were automatically folded and then 

manually refined. Other information, such as multiple copies and non-standard intron 

organisations, were also identified. Next, all introns were subjected in several analyses 

in order to depict common properties for each class, such as preferences in target sites 

and DNA strands. Using this enlarged dataset, Chapter IV aimed to resolve the 

phylogeny of group II introns and investigate whether the intron-encoded protein (IEP) 

and RNA portions coevolved. Among trees constructed from various datasets, such as 

using different sequence masks, smaller sampled subsets or morphological features, the 

hypothesis that the IEP and RNA coevolved was supported by comparisons among most 

trees, even though it seemed to be rejected by formal topology tests. Finally, Chapter V 

compiled and systematically classified the most recent set of DGRs, which can be used 

as a reliable reference to direct future DGR-related studies and experimental designs. 
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Chapter I. Introduction 

The diversity of reverse transcriptases 

In the 1950s, the central dogma of molecular biology was formulated to explain the flow 

of genetic information in life forms: information is stored in DNA, passes from DNA to 

RNA through transcription, and then to protein through translation [1]. However, this was 

revised after the discovery of reverse transcriptase (RT) enzymes in RNA tumour 

viruses in 1970 [2, 3], which showed that information can also be transferred in the 

reverse direction from RNA back to DNA. 

Since then, additional RT enzymes have been discovered in a wide range of organisms, 

although mainly in eukaryotes. In eukaryotes, a large number of RTs are associated with 

class I transposable elements (TEs), which are thought to make up at least one third of 

mammalian genomes, and two thirds of the human genome [4, 5]. Class I TEs are also 

called retrotransposons, and they involve an RNA intermediate during transposition [6, 7, 

8, 9]: the DNA is first transcribed to the RNA intermediate, and the RNA is reverse 

transcribed to produce a copy of the DNA, which is then inserted into other locations 

within the same genome. The best-known class I TEs include long terminal repeat (LTR) 

elements and non-LTR elements. Other types of class I TEs associated with an RT 

include Penelope-like elements (PLEs) and Dictyostelium intermediate repeat 

sequences (DIRS's) [6, 7, 8, 9, 10, 11]. Besides class I TEs, two groups of viruses, 

retroviruses and pararetroviruses, also encode a polymerase with RT activity [12]. 

Instead of remaining within the same genome before and after transposition like class I 

TEs, replicated viruses of these two groups leave the host cell and infect other cells. In 

contrast to both class I TEs and infective RT-encoding viruses that usually have multiple 

copies in the genome, another two types of RT-containing elements, telomerase reverse 

transcriptase (TERT) and the rvt gene, exist as single-copy RTs, and they have either 

known or potentially useful cellular functions [8, 13, 14]. 

Prokaryotic RTs were discovered later than eukaryotic RTs. The first type of prokaryotic 

RT-containing elements identified were retrons, although their biological functions 

remained ambiguous until about 30 years after their initial discovery [15, 16, 17]. Of all 

prokaryotic RTs presently known, group II intron RTs are the only ones known to be 

retromobile and are the best understood [18]. There are also other types of prokaryotic 

RTs with less clear or unknown functions, such as group II like RTs, diversity-generating 
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retroelements (DGR), abortive bacteriophage infection (Abi) related RTs, and many 

unclassified groups [8, 19, 20, 21, 22]. 

The large abundance and diversity of both eukaryotic and prokaryotic RTs have 

attracted much attention, not only because some RTs can increase genomic diversity by 

replicating and spreading throughout the genome (e.g. retrotransposons, group II 

introns), but also because some have essential functions to the host (e.g. TERT) or 

could interrupt normal gene expression and cause diseases (e.g. SINE, see below). The 

general topic of this thesis dissertation involves the properties and evolution of bacterial 

RTs. To give a context for projects included in this dissertation, this chapter will 

introduce many major types of RTs in both eukaryotes and prokaryotes, including their 

structures, properties and evolutionary relationships. 

 

Eukaryotic RTs 

Retroviruses and LTR retrotransposons 

RTs were first discovered from retroviruses [2, 3], which are a family of viruses that have 

an RNA genome and infect cells through a DNA intermediate. The most studied virus of 

this family is the human immunodeficiency virus (HIV), which causes acquired 

immunodeficiency syndrome (AIDS). The life cycle of retroviruses generally resembles 

that of other viruses, including virus attachment, entrance of the viral genome into cells, 

expression of viral genes, assembly and release of viral particles [12, 23, 24]. Unlike 

other viruses with a DNA genome, the RNA genome of retroviruses is first reverse 

transcribed into DNA, which is then integrated into the host genome to form a provirus, 

and finally followed by the expression of viral genes from the proviral DNA [12, 24]. 

The genome of retroviruses commonly contains three genes, named gag, pol and env 

respectively. The gag gene codes structural core capsid proteins, the pol gene encodes 

an enzyme with RT, RNase H (RH) and integrase (IN) activities, and the env gene 

encodes the envelope protein [6, 12, 25]. The gag and pol genes are fused, and either of 

them could also encode a protease (PR) in order to process their primary protein product 

[25]. Terminal direct repeats are present at both ends of the viral genome, surrounding 

the coding region [12, 25]. 

Long terminal repeat (LTR) retrotransposons are a type of class I TEs, and they 

resemble the gene structure of retroviruses. They were named after the presence of a 
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direct repeat on both sides of a coding region, which codes a gag, pol and sometimes an 

env gene that are equivalent to those of a retrovirus (Figure 1A) [7, 25]. They are 

commonly 5-7 kb in length while the repeated sequences are often a few hundred base 

pairs long [7, 25]. LTR retrotransposons are commonly found in animals, fungi, protists 

and plants in high copy numbers, and they can be divided into subclasses based on 

sequence similarity and gene order [7]. 

 

 

Figure 1. Structure and mechanism of LTR retrotransposons. 

A) LTR retrotransposons contain repeated sequences at both termini flanking a coding region, 
which consists of a gag, pol and sometimes env genes, while the protein product of the pol gene 
has PR, RT, RH and IN activities. B) Transposition of LTR elements begins with its RNA 
transcript (blue). A tRNA of the host binds to its 5' region and primes cDNA synthesis of a short 
piece that includes unique sequence at the 5' end (red) and a repeated sequence (green). It then 
moves to the 3' end of the template RNA through base pairing of the short repeat (green), and 
cDNA synthesis continues to produce the full-length cDNA (pink), and purple indicates a short 
unique sequence at the 3' end of template. RH then degrades the RNA template, leaving only a 
short tract that primes DNA synthesis of the 3' portion of the other strand (purple+green+red), 
which later moves to pair with the 3' portion of the first strand and finishes DNA synthesis of the 
entire second strand. Finally, the double stranded DNA is integrated into chromosomal DNA 
(black), and future RNA transcription (blue) starts and ends within the LTR sequences. Small grey 
arrows indicate the orientation of DNA synthesis. Figure adapted from reference [25]. 
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Both retroviruses and LTR retrotransposons contain a tRNA primer binding site (PBS) 

downstream of the 5' repeat (Figure 1B) [7, 26]. A host tRNA first binds to the PBS and 

serves as a primer for reverse transcription of the 5' portion, including a short repeat that 

can pair with the 3' end and allow cDNA synthesis of the entire transcript. The RNA 

portion is degraded by RH activity excluding a poly-purine tract that has RH resistance. 

This tract then primes cDNA synthesis of the second strand along the 5' portion of the 

template including the short repeat again. The newly synthesised short DNA base pairs 

to the short repeat of the 3' side of the template, followed by cDNA synthesis of the 

entire second strand. In the end, the double-stranded DNA is inserted into host 

chromosome by the IN activity (Figure 1B). 

Retroviruses and LTR elements have similarities in both sequence and mechanism, and 

they are closely related. The main difference is that copies of retroviruses can leave the 

current host and infect other cells, while copies of LTR retrotransposons are restricted to 

move within the same genome [25]. Therefore, LTR elements are thought to be 

inactivated provirus that lost the ability to exit the host [27]. However, LTR elements 

could still have infectious properties and be transferred horizontally if they could use a 

foreign envelope protein or become associated with other infectious agents [12, 25, 28, 

29, 30]. 

 

Non-LTR retrotransposons – LINE and SINE elements 

The second major group of eukaryotic RTs are non-LTR retrotransposons, which also 

belong to class I TEs and contain diverse groups. They do not contain terminal repeats 

that are present in LTRs, but instead there is an adenosine-rich region (usually a poly-A 

tail) at the 3' end (Figure 2A) [6]. The two most major classes of non-LTR 

retrotransposons are long and short interspersed nuclear elements (LINEs and SINEs), 

which are respectively several kilobases and a few hundred bases in length. Unlike 

LTRs, there is no viral form of non-LTR elements. Based on sequence, non-LTR 

elements are the most closely related to group II introns (see below) and both encode a 

protein with RT and endonuclease (EN) activities. Also because both use a target 

primed reverse transcription (TPRT) mechanism, non-LTR elements are thought to have 

originated from group II introns [6, 31, 32, 33]. 
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Figure 2. Structure and mechanism of non-LTR retrotransposons. 

A) LINE and SINE elements are major types of non-LTR retrotransposons, and both have an A-
rich region at the 3' end, often being a poly-A tail. SINE elements do not encode any protein. 
They contain the RNA polymerase III promotor Boxes A and B at the 5' end, and usually share 
some sequence similarity at the 3' end to LINE elements. LINE elements usually encode two 
ORFs, while ORF2 produces a protein with EN, RT and RH activities. B) Non-LTR 
retrotransposons tend to target A/T-rich regions of chromosomal DNA. The bottom strand at the 
target is cleaved by EN, and through base pairing of the 3' end of the non-LTR element, the first 
strand of cDNA (pink) is synthesised. The other strand of the target DNA is then cleaved, allowing 
DNA synthesis of the second strand. Small grey arrows indicate the orientation of DNA synthesis. 
Figure adapted from reference [25]. 

 

LINE elements are widespread in eukaryotes and can be divided into subtypes based on 

structural features and RT-based phylogenies [34, 35, 36]. However, most copies of 

LINE elements lack sequences from the 5' end in various lengths and thus appear to be 

incomplete and lose the ability to transpose [25, 37]. In humans, the only active class of 

LINE element is called LINE1 or L1, which make up about one fifth of the human 

genome [38, 39]. 

A typical LINE element contains two open reading frames (ORFs) named ORF1 and 

ORF2 (Figure 2A). ORF1 codes for an RNA-binding protein, ORF2 codes for a protein 

with EN, RT and sometimes RH activities [25, 40]. Through the assistance of the protein 

translated from ORF2, the RNA transcript is first associated with chromosomal DNA at 

an A/T-rich region during transposition (Figure 2B). The nuclease activity creates a 
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break and releases a short string of T from the chromosomal DNA, which base pairs to 

the poly-A tail of the RNA intermediate and primes reverse transcription of the LINE 

element cDNA. The nuclease then cleaves the second strand of the chromosomal DNA 

a few nucleotides away from the first break, while the RNA is degraded by RH activity 

followed by DNA synthesis of the second strand. Finally, the double stranded LINE DNA 

fully integrates into chromosomal DNA through the host repair system [25] (Figure 2B). 

Although most LINE elements are not site-specific, there are exceptions including 

subtypes CRE, R2 and R4 that are specific for rRNA genes or simple repeats [33, 41, 

42, 43, 44, 45]. 

SINE elements are shorter than LINE elements and do not encode any ORF (Figure 2A). 

Their transposition requires the protein encoded by LINE elements [25, 46]. SINEs are 

origin-specific and were derived from small RNA genes such as tRNA, 7SL RNA and 5S 

RNA, which are all recognised by RNA polymerase III [7, 46]. The 5' region of SINE 

elements contains the promotor boxes A and B of RNA polymerase III, the internal 

regions of SINEs vary depending on the origin, and the 3' region is usually related to the 

3' end of LINE elements to ensure the recognition by LINE-related proteins, which all 

potentially imply coevolution between LINEs and SINEs (Figure 2A) [25, 46, 47, 48]. In 

humans, the best-known SINE retrotransposon is the Alu element, which is the most 

active and abundant transposable element that exists with over one million copies [49, 

50]. Disruptive insertions of Alu elements are associated with many human diseases, 

such as hemophilia and breast cancer [51, 52, 53, 54, 55, 56]. 

 

PLEs 

Penelope-like elements (PLE) are another unusual group of class I TEs that have a 

single ORF coding for an RT and a GIY-YIG (or Uri) EN domains (Figure 3A), in which 

the latter serves as an integrase and is also found in bacterial group I introns and UvrC 

bacterial DNA-repair endonucleases [57, 58, 59, 60, 61]. Their RTs are less similar to 

other retrotransposon RTs but have been shown to be more closely related to TERT 

(see later) [58, 60, 62, 63]. PLEs have many variations in their structure, some lack the 

EN domain, some have either direct or inverted repeated sequences at both termini, and 

some were even found to contain introns [7, 31, 64, 65]. PLEs that encode an EN 

domain insert randomly in the genome but have a preference for AT-rich regions, 

resembling non-LTR elements [6, 59]; PLEs that do not encode an EN domain prefer to 
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insert into telomeric regions of chromosomes and are hypothesized to be associated 

with TERT (Figure 3B) [65]. PLEs have been found in many eukaryotic species, but their 

distribution is rather dispersed, which indicates a high degree of lineage losses [31, 59, 

61, 65]. 

 

 

Figure 3. Structure of PLEs and an EN-independent model of retrotransposition. 

A) A schematic representation of PLEs that vary in gene organisation and order. This example 
shows a PLE with direct repeats (PLTR) at both termini resembling those of an LTR element but 
may be interrupted with introns. The PLE ORF encodes an RT and sometimes a GIY-YIG EN 
domains. B) Model for retrotransposition in EN-independent PLEs associated with TERT. The 
PLE RNA (blue) anneals to single stranded telomeric repeats, and the priming process begins at 
a G-rich region to synthesise the first strand of PLE DNA (pink). TERT is then involved to 
generate new telomeric repeats (green), and the second strand of PLE DNA is synthesised 
through regular DNA replication at the same time. Pale orange oval, proteins that normally cap at 
telomeres. Text in different shades highlights each telomeric repeat unit. Small grey arrows 
indicate the orientation of DNA synthesis. Figure adapted from references [57, 65]. 

 

DIRS 

Dictyostelium intermediate repeat sequences (DIRS) were first discovered in the slime 

mould Dictyostelium discoideum as an unusual type of RT-containing element [66]. They 

likely originated from LTR elements, but their RT sequences are more divergent 

compared to RTs from both LTR and non-LTR elements [64]. Unlike other 

retrotransposons, they do not encode a protein with IN activity, but instead encode a 

Gag protein, a protein with RT and RH activities, and a tyrosine recombinase that is 
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similar to that of some DNA transposons [66, 67]. They have repeated sequences in 

inverted orientations at both termini. Within the element, there is also a repeated 

segment that forms internal complementary repeats (ICR), which serves as a template 

during reverse transcription and results a circular RNA intermediate (Figure 4A) [64, 66, 

67]. The insertion of DIRS into the chromosome is through recombination rather than 

integration with the contribution of the tyrosine recombinase (Figure 4B) [64, 66, 67]. 

Many DIRS elements have been discovered in different organisms, and they vary in the 

locations of LTR, ICR as well as the arrangement of their encoded ORFs [64, 68]. 

 

 

Figure 4. Structure and mechanism DIRS. 

A) Gene structure of DIRS-1 from Dictyostelium discoideum. It contains reversed repeat 
sequences at both termini, flanking a coding region with three overlapping ORFs, which encode a 
Gag protein, a tyrosine recombinase, and a protein with RT and RH activities. At its 3' end, there 
is a repeated segment forming into an internal complementary repeats (ICR). B) The ICR is 
responsible for a circular RNA intermediate (blue), which is inserted into chromosomal DNA 
through the recombinase. Red, target site. Orange and green, regions flanking the target site on 
DIRS. Pink, retroelement in DNA. Figure adapted from reference [67]. 

 

Pararetroviruses – hepadna- and caulimoviruses 

In addition to retroviruses that were described earlier, the group of pararetroviruses is 

another type of viruses that encode an RT. This group contains the hepadnaviruses 

family that infects animals and the caulimoviridae family that infect plants, which are 

represented by Hepatitis B virus (HBV) and cauliflower mosaic virus (CaMV) 

respectively [69, 70]. Although these two groups of viruses encode an RT and use 

reverse transcription during replication, they are different from retroviruses as they have 

a DNA genome rather than an RNA genome, and do not integrate into host 
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chromosomes [12, 69, 70, 71, 72]. 

The genome of hepadnaviruses is a partially double-stranded relaxed circular DNA 

(rcDNA), which is converted into a covalently closed circular DNA (cccDNA) when being 

transported into the nucleus [70]. The cccDNA serves as a template to produce viral 

RNAs including a pregenomic RNA (pgRNA), which is finally converted to viral rcDNA 

after virus replication [70, 73]. The representative HBV polymerase (P protein) contains 

multiple domains: terminal protein (TP), spacer, RT and RH [70]. Reverse transcription 

of the pgRNA is primed by an OH group from a specific tyrosine residue in the TP 

domain, and this step is unique in hepadnaviruses [70, 73, 74]. 

Similar to hepadnaviruses, caulimoviruses also have a double-stranded DNA genome in 

an open circular form and have interruptions on both DNA strands [70]. Inside the host 

cell nucleus, these interruptions are repaired by the host machinery and the repaired 

new sequence is then used as a template to express viral proteins and also to produce 

pgRNA [70, 72]. The polymerase of caulimoviruses contains PR, RT and RH domains 

[70]. All known caulimoviruses only uses a methionine initiator tRNA primer for reverse 

transcription of the pgRNA. This resembles retroviruses and retrotransposons, although 

they can use various tRNAs as the primer [70, 72]. 

 

TERTs 

Different from all RT-containing elements introduced so far that are either selfish DNAs 

or parasitic viruses, telomerase reverse transcriptase (TERT) has an essential role in 

living cells to maintain the telomere length. TERT is highly conserved and contains four 

domains: a telomerase "essential" N-terminal (TEN) domain that interacts with both the 

single stranded telomeric DNA and TER at the same time [75, 76], a telomerase RNA 

binding domain (TRBD) that contains motifs forming the RNA-binding pocket and also 

binds to TER [77], an RT domain that is involved in nucleotide addition [78, 79], and a C-

Terminal extension (CTE) domain that stabilises the RNA-DNA duplex as well as the RT 

domain that binds to DNA (Figure 5A) [80]. The RT domain has a similar motif 

organisation to classic RT enzymes, and has been found to be closely related to RTs of 

other retrotransposons, especially PLEs [58, 63, 65, 81, 82, 83]. 
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Figure 5. Structure of TERT and interaction between telomerase and telomere. 

A) TERT contains four domains: Telomerase "essential" N-terminal (TEN) domain, telomerase 
RNA binding domain (TRBD), RT domain and C-terminal extension (CTE) domain. B) Simplified 
representation of telomerase and telomeric DNA, in which the RNA template from telomerase 
RNA (TER, blue) pairs to the single stranded DNA at telomere (black), which enables DNA 
synthesis of telomeric repeat (pink arrow). Other associated proteins during this process is not 
shown. Figure adapted from reference [78]. 

 

Both TERT and telomerase RNA (TER) are essential cores of a telomerase, which is a 

ribonucleoprotein (RNP) enzyme of the telomerase complex. This complex is 

responsible for catalysing the addition of repetitive nucleotides to the end of telomeres of 

a chromosome using an RNA template provided by TER to maintain the length of 

telomeres as well as to protect them from being mistaken as damaged DNA and 

degraded (Figure 5B) [84, 85, 86, 87, 88, 89, 90]. Mutations in either TERT or TER of 

telomerase have been shown to be associated with many human diseases [78, 91]. 

TERT is unique from most other RT-containing elements in eukaryotes, as it exists as a 

single copy and has crucial functions to the cell. 

 

rvt elements 

After TERT, reverse transcriptase-related (rvt) genes were discovered as the second 

type of single-copy RT and is predicted to have a cellular function [14]. They were 

named after the fact that they contain a rvt conserved domain [14]. Currently, almost all 

rvt genes are found in eukaryotes including protists, fungi, plants and animals, and only 

limited examples have been found in bacterial genomes. The extreme difference in the 

abundance of rvt genes implied that the bacterial copies more likely originated from a 

rare horizontal transfer from eukaryotes to prokaryotes [14]. 

A typical rvt is ~1 kbp in length and contains an RT domain, which is conserved in 

sequence among different individuals, but shows little similarity to other RTs. This RT 

domain is flanked by extensions at both N- and C-termini of ~300 and ~200 amino acids 
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respectively, but no known protein homologs could be identified except a coiled-coil 

motif at the N terminus [14]. A more recent in vitro study has shown this coiled-coil motif 

is responsible for forming multimers in solution [92]. The C-terminal region could be 

associated to protein priming [92], as purified proteins showed template-independent 

terminal transferase activity and can polymerise both NTPs and dNTPs to the 3'-OH of a 

given nucleotide primer, while NTPs are preferred, which puts rvts more closely related 

to TERT [14, 92]. The rvt protein does not contain an EN domain or other equivalents, 

agreeing with their single-copy property. Nonetheless, the biological function of rvt genes 

currently remains unclear, although it was proposed to be related to stress response or 

other non-essential cellular processes [14]. 

 

Prokaryotic RTs 

Group II introns 

Many types of RTs have been identified in prokaryotes. At present, the best-known type 

of prokaryotic RTs is from group II introns. Group II introns are retroelements with 

catalytic activities consisting of an RNA ribozyme and an intron-encoded protein (IEP) 

(Figure 6) [18, 93, 94]. They are widespread in bacteria and archaebacteria, and have 

also been found in organellar genomes of protists, fungi and plants [95, 96, 97, 98, 99, 

100, 101]. The RNA ribozyme is usually 500-800 bases in length. Although they do not 

share a high degree of sequence similarity, they generally form six conserved domains 

[102, 103, 104]. In contrast, the IEP is usually 1-1.5 kb in length. A typical IEP consists 

of multiple domains while some have sequence similarity: a RT domain that can be 

aligned with other IEPs as well as other types of RTs; a maturase domain (X) that 

resembles a thumb domain of a polymerase, but without sequence similarity to thumb 

domains in other proteins; a DNA-binding domain (D) and sometimes an EN domain 

(Figure 6A) [18, 105, 106, 107, 108, 109, 110, 111]. 

Group II introns can splice out from flanking sequences and have the ability to insert into 

specific locations in the genome, which is known as retrohoming. Although the RNA 

alone is capable of self-splicing in vitro under specific conditions, the IEP is essential for 

both processes in vivo. While the RT and X domains are required for splicing, all 

domains are required for retrohoming [110, 111, 112, 113, 114, 115, 116]. 

The splicing reaction of group II introns involves two transesterification steps (Figure 6B) 
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[117, 118, 119, 120]. In the first step, the 2'-OH of the bulged A of the intron RNA attacks 

and cleaves the 5' exon-intron junction, and forms a lariat intermediate with the intron 

RNA and 3' exon. In the second step, the 3'-OH from the 5' exon attacks the 3' splicing 

site and releases the lariat intron and ligated exons (Figure 6B). Under in vivo 

conditions, the IEP assists the intron RNA to be properly folded and remains bound to 

the intron lariat after splicing [103, 110, 112, 114, 121, 122, 123]. 

 

 
 
Figure 6. Structure and mechanisms of group II introns. 

A) A typical group II intron consists of an RNA ribozyme (blue) and an intron-encoded protein 
(IEP, red), which contains RT, X, D and sometimes EN domains. Purple represents flanking 5'- 
and 3' exons (E5 and E3). B) Splicing of group II introns. First, the bulged A from the RNA (blue), 
which provides its 2'-OH and attacks the 5' exon (purple), forming an intron lariat connected by 2'-
5'-linkage. Next, the 5' exon attacks the 3' exon, resulting in ligated exons (purple) and the intron 
lariat is bound to the IEP. C) Retrohoming of group II introns. The intron-IEP complex moves to 
the insertion site of genomic DNA (purple), and the intron RNA first reverse-splices into the top 
strand. The IEP then cleaves the bottom strand, allowing DNA synthesis of the intron. Finally, 
double stranded intron DNA is integrated through host repair and recombination systems. Small 
grey arrow indicates the orientation of DNA synthesis. Figure adapted from reference [22]. 
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The RNA-protein (RNP) complex after splicing is capable of the retrohoming reaction, in 

which the RNA sequence is inserted into other loci in the genome using the target 

primed reverse transcription (TPRT) mechanism (Figure 6C) [93, 108, 124, 125, 126]. 

First, the complex binds to the insertion site of the double stranded target DNA and the 

intron RNA reverse splices into the sense strand of the target [127]. The EN domain of 

the IEP then cleaves the other strand downstream of the insertion site, providing a 

primer for the RT to synthesise DNA from the intron RNA. Finally, the intron RNA is 

degraded and sense DNA is synthesised by the host repair system (Figure 6C) [108, 

128, 129, 130]. 

In some introns that lack the EN domain, an alternative mechanism is required for 

priming the reverse transcription. Such introns usually invade the DNA strand that 

serves as a template for the lagging strand during DNA replication, and the priming 

process thus uses either primase or Okazaki fragments on the lagging strand for reverse 

transcription [131, 132, 133, 134, 135, 136]. Occasionally through other mobility 

mechanisms, they can also insert into ectopic sites that do not have much sequence 

similarity to normal homing sites [137, 138, 139, 140]. 

 

Group II like RTs and CRISPR/Cas association 

Group II like (G2L) RTs are highly similar to typical group II RTs in sequence. Unlike 

group II introns, G2Ls do not contain an RNA ribozyme at either side of the RT gene, 

and it is yet unclear whether they are associated to a different type of ribozyme. 

Currently, there are five G2L classes, G2L1-5, based on the RT phylogeny [20]. G2Ls 

generally contain motif 0 of the RT domain and the X domain, which are often not 

present in other types of prokaryotic RTs (Figure 13 of Chapter II). Many G2L classes 

contain extensions of several hundreds of amino acids on one or both sides of the RT, 

but whether these extensions have functional motifs remains unknown (Figure 13 of 

Chapter II) [20]. 

Both G2L1 and G2L2 RTs were found to be associated with CRISPR (clustered 

regularly interspaced short palindromic repeats) elements, as they are either fused or 

adjacent to a cas1 (CRISPR-associated) gene [20]. The CRISPR/Cas system is known 

as the prokaryotic adaptive immune system [141, 142]. DNA from infective phages will 

be integrated into the CRISPR array during infection, ensuring recognition and 
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inactivation of future phages [143, 144, 145]. The Cas1 protein has nuclease activity and 

forms a complex together with the Cas2 protein, and the complex is essential during the 

integration of new spacers into CRISPR arrays [20, 142, 144, 145, 146, 147, 148, 149]. 

G2L1 and 2 are thus thought to be involved in certain types of the CRISPR/Cas systems 

and may use a TPRT-like mechanism to insert phage DNA into CRISPR arrays [20, 22, 

146, 150, 151]. However, properties of G2L3-5 remain unclear. 

 

Retrons 

The class of retrons was the first identified type of RT-containing elements in bacteria 

[15, 152, 153]. A retron is usually 2 kb in length and contains three genes, ret, msd and 

msr (Figure 7) [15, 152, 153, 154]. The ret gene encodes a retron-specific RT, while the 

msd and msr genes together form a unique single-stranded DNA/RNA hybrid, termed 

multicopy single-stranded DNA (msDNA), which has been reported to accumulate in the 

host with up to thousands of copies (Figure 7) [155, 156]. In the host, the RT binds to the 

RNA transcript of msd and msr, and uses a 2'-OH group provided by a G residue from 

msr as a primer to reverse transcribe a segment of this RNA transcript (Figure 7). The 

portion of RNA that served as a template (Figure 7, green) for reverse transcribing the 

DNA is later degraded by RH activity from the host, leaving a chimeric DNA-RNA 

complex (Figure 7) [156, 157, 158]. 

The natural function of retrons has remained unknown for about 30 years since its 

discovery. Retrons have been found to be inherited both vertically and horizontally, 

implying the function different retrons may vary depending on the specific environment of 

each host [15, 154]. A more recent study showed that the absence of msDNA in the 

pathogen Salmonella caused a dysregulation of proteins involved in the anaerobic 

metabolism that is required by this organism, and provided some evidence that retrons 

could serve as regulatory factors for protein abundance [159]. 
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Figure 7. Gene structure and msDNA formation of retron. 

A retron contains a ret gene that encodes a retron-specific RT. Upstream of the ret gene, there 
are other two genes, msr and msd. The portion of RNA transcript containing the msr (blue) and 
msd (green) folds into a particular secondary structure, allowing the branching guanosine residue 
(G) to provide its 2'-OH to prime the reverse transcription of the msd gene, while RH degrades 
the RNA template at the same time. Reverse transcription stops at a fixed point, resulting in a 
msDNA (multicopy single-stranded DNA) in which the cDNA (pink) is linked to the RNA (blue) by 
2'-5' linkage. Small grey arrow indicates the orientation of DNA synthesis. Figure adapted from 
reference [156]. 

 

DGRs 

Diversity-generating retroelements (DGRs) are retroelements that consist of multiple 

gene components in addition to the RT. They have been discovered in bacteria, phages 

and plasmids [19, 62, 160, 161]. The best experimentally studied DGR is from the 

Bordetella BPP-1 phage and is often used as a model DGR [62]. This DGR contains an 

RT, a target gene (TG), an accessory variability determinant (avd) gene, as well as two 

sequence repeats. One is the template repeat (TR) and the other is the variable region 

(VR) that is usually located at the 3' end of the TG and is similar in sequence with the TR 

(Figure 8). 
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Figure 8. Architecture and mutagenic retrohoming of the Bordetella BPP-1 phage DGR. 

This DGR consists of multiple components in the order of a TG that contains the VR, an AVD, a 
TR and an RT. The TG codes for a Mtd protein and locates at tips of phage tail fibres and is 
responsible for cell binding during infection. During mutagenic retrohoming, the RT reverse 
transcribes the RNA of TR (blue) while all A's in the template RNA are randomly mutated to any 
nucleotide. The cDNA replaces the old VR, resulting in the sequence at the C-terminus of TG 
being diversified. Correspondingly, the DGR contributes in increasing phage adaptation by 
generating new variants of the Mtd protein. Figure adapted from reference [161]. 

 

DGRs are immobile but have beneficial functions to the host through mutagenic 

retrohoming [62, 162, 163, 164]. First, the RT reverse transcribes the RNA of TR, while 

every A of the template is randomly mutated to any nucleotide. The newly synthesised 

DNA thus has a different sequence with random A-to-N mutations compared to the 

original TR, and is then integrated into the TG by replacing the old VR. As a result, the 

new TG will have a different DNA sequence at the 3' end, and accordingly the amino 

acid sequence at the C terminus of TG will be also different (Figure 8). 

In the case of the Bordetella phage DGR, the TG codes for the Mtd protein, which 

locates at the tip of phage tail fibres and can bind to the bacterial receptors on the cell 

surface during phage infection [62, 163, 165, 166, 167, 168]. Therefore, the Bordetella 

phage DGR benefits the host phage adaptation by generating variants of the Mtd protein 

(Figure 8). Studies of other DGRs have also indicated that the TG is often associated to 

cell recognition or binding functions, and DGRs therefore are generally beneficial to the 

host by diversifying the TG and increasing the host adaption [62, 169, 170]. 
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Abi-related RTs 

Some bacteria have phage immunity mediated by the abortive bacteriophage infection 

(Abi) system, in which infected cells interrupt phage development, resulting in little or no 

phage progeny and the death of infected cells [171]. Some identified Abi systems have 

been reported to encode proteins containing an RT domain , including AbiA and AbiK 

and an Abi analogue named Abi-P2 [172, 173, 174]. AbiA and AbiK proteins share some 

sequence identity, and both systems are thought to function similarly by preventing 

phage replication [20, 22, 171, 175, 176, 177, 178]. 

The AbiK protein encodes the RT domain in the N-terminal region, and its C-terminal 

region is critical to normal AbiK activity and is thought to contain the thumb domain 

[179]. The AbiK protein has been shown to have polymerase activity in vitro. But instead 

of normal reverse transcription processes, AbiK uses a tyrosine residue from itself as a 

primer to synthesise a random DNA sequence with neither a DNA nor an RNA template 

[180]. Although both AbiA and Abi-P2 proteins have the RT domain located at the N-

terminal region while their C-termini remain uncharacterised, neither has been shown to 

have a similar activity to that of AbiK. 

 

Uncharacterised RTs 

In addition to RTs mentioned above, there are in fact many more uncharacterised RTs, 

with some of them falling into "unknown" groups [20, 21]. They are generally believed to 

be functional as they either have long extensions in addition to the RT domain that can 

potentially contain protein motifs or are fused to other known protein motifs [20]. There is 

currently no enough information to fully understand these unknown RTs, but it is 

expected that they will be better studied in the future when more examples are available. 

 

Evolutionary relationship among RT-associated elements 

Various RT-containing elements from both eukaryotes and prokaryotes are thought to 

have originated from the same ancestor because they have similar sequences and 

functions [8, 32, 81, 106, 147, 181, 182]. Prokaryotic RTs are often favoured to be the 

root for all RTs, not only because of their simpler form in which the RT is often the only 

domain, but also because they have a greater similarity in sequence to the RNA-directed 

RNA polymerase (RdRP) of RNA viruses, which is usually used as an outgroup (Figure 
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9) [32, 81]. Eukaryotic RTs are more complex but were likely derived from the same core 

structure consisting of gag and pol genes through gain or loss of functions (Figure 9) 

[32]. However, comprehensive phylogenetic studies across all RTs are challenging, as 

conventional sequence-based studies are largely limited by the lack of phylogenetic 

signals, and deep branches across diverse groups of RTs remain ambiguous [8, 20, 93, 

147]. 

 

 

Figure 9. Relationships between diverse RT groups. 

RTs are widespread in both eukaryotes and prokaryotes, and they were hypothesized to share 
the same common ancestor with RNA viruses. However, clear relationships between different 
RTs remain unresolved due to limited phylogenetic signal. Figure adapted from references [32, 
81, 197] with modifications. 

 

Among the diverse groups of RTs, group II introns are generally agreed to be the 

ancestor of non-LTR retrotransposons because of similarities in their protein sequences 

and both use a TPRT-based mechanism (Figure 10) [32, 33, 93, 100, 106, 183]. Group II 

introns have gained much attention because of their relationship to the eukaryotic 
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spliceosome as they both involve two transesterification reactions during splicing and 

have parallel structural arrangements (Figure 10) [100, 184, 183, 185, 186, 187, 188, 

189, 190, 191]. First, an equivalent to the bulged A motif in DVI of group II introns can be 

observed in the spliceosome by pairing the small nuclear RNA (snRNA) U2 to the 

branch-point region of the intron; second, equivalents to the catalytic triad that forms the 

active site as well as the AC-bulge in the DV of group II introns [192, 193, 194, 195, 196] 

also exist in the snRNA U6 of the spliceosome, while both bind to catalytic Mg2+; and 

third, both the DI of group II introns and the snRNA U5 of the spliceosome interact with 

the 5' exon under a similar structural arrangement (Figure 10) [183, 185, 197, 198, 199]. 

Furthermore, the protein Prp8 associates with spliceosomal RNAs and forms the 

catalytic core of the spliceosome, which is structurally similar to the IEP of group II 

introns (Figure 10) [183, 194, 198, 199, 200, 201, 202]. It was hypothesized that group II 

introns entered eukaryotic cells through endosymbiosis, and gradually evolved to the 

current form of non-LTR retrotransposons or spliceosomal RNAs by losing either the 

splicing or mobility activities respectively (Figure 10) [32, 93, 188, 203, 204, 205, 206, 

207]. 

 

 

Figure 10. Comparison between group II introns and spliceosomes. 

This figure highlights three major structural similarities between group II introns and 
spliceosomes: 1) Both DI of group II introns and the snRNA U5 of spliceosomes have a stem-loop 
structure (green) that pairs with the 5' exon sequence (dark purple block). 2) Both DV of group II 
introns and the snRNA U6 of spliceosomes have a catalytic triad (AGC) as well as an AC-bulge 
(orange) that bind to Mg2+. 3) The bulged A (pink, circled "A") is present in both DVI of group II 
introns (pink) or through pairing the snRNA U2 (pink) with the 3' end of the intron (blue) in 
spliceosomes. Figure adapted from references [197, 183]. 
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Contributions of bioinformatics approaches 

The term "bioinformatics" initially referred to the study of informatic processes in biotic 

systems, but more recently it has become a field combining various disciplines such as 

biology, mathematics and statistics, and computer science to analysis biological data 

[208, 209]. Contemporary bioinformatics is widely used as an alternative to traditional 

experiments and can generate data that may not be obtained through experiments. It 

has the ability analyse large datasets in the genomic or metagenomic scales in a 

relatively short time, and is capable of predicting genes of interest that exist in nature. As 

a subdivision of bioinformatics, phylogenetic tools can estimate the conservation and 

evolution among selected sequences. In addition, various models and algorithms have 

been designed to simulate molecular interactions in order to provide preliminary data to 

direct experimental design. In the rest of this section, several major divisions of the field 

of bioinformatics, especially those used in this dissertation, will be introduced along with 

examples of commonly used tools. 

 

Sequence-related analyses 

Sequence-related analyses focus on processing biomolecular sequences, such as DNA, 

RNA and polypeptides. They generally involve procedures of generating sequence 

alignments or searching for similar sequences, and the results can be used to compare 

sequences and identify mutations, identify specific genomic components, predict 

features and functions of related sequences. Alternatively, alignments can be used in 

phylogenetic analyses to trace evolutionary histories. 

Two methods of generating sequence alignments are widely used. The first is pairwise 

sequence alignment, which compares two sequences at a time. BLAST (Basic Local 

Alignment Search Tool) [210] is one of the most popular tool that uses pairwise 

alignment. BLAST is often applied to search for sequences based on identity from all 

sequences stored in a database. Identified matches are output along with a measure of 

statistical significance, which is usually an expectation value (E value) that describes the 

significance against random background noise. The lower the E value, the lower chance 

of having random sequences with a similar score in the database, and thus the more 

"significant" the match is. Therefore, the E value is often used to create a significance 

threshold for reporting results (BLAST FAQs, 
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https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE=FAQ). 

According to the type of the input sequence (query) and the type of sequences stored in 

the target database, the standard BLAST contains four major programs: BLASTN 

(nucleotide against nucleotide), BLASTP (protein against protein), BLASTX (translated 

nucleotide against protein), and TBLASTN (protein against translated nucleotide). As a 

variant, PSI-BLAST (Position-Specific Iterative-BLAST) is used to find proteins that are 

more distantly related to the query, which is a "profile" sequence and is generated by 

combining several closely related proteins. PSI-BLAST performs many iterations, and a 

new profile is generated by combining results after each iteration for the next round of 

search. In addition, with other modifications, BLAST can also be used to perform 

specialised searches (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

The second method is multiple sequence alignment, which compares many sequences 

at a time. This is more frequently used to align three or more sequences that are 

assumed to have evolved from the same common ancestor sequence. There are many 

commonly used programs that use different methods to create multiple sequence 

alignments, such as ClustalW [211], T-Coffee [212], MUSCLE [213] and HMMER [214]. 

Compared to the other three programs that use a progressive alignment method, 

HMMER uses the more complex HMM (hidden Markov model) method and is capable of 

both creating a "profile" from aligned sequences and generating profile-based 

alignments. 

Aligned sequences can be visualised for manual refinement. This function is supported 

by some sequence aligning programs as mentioned above, and there are also 

independent programs, such as SeaView [215] and Jalview [216], that can be used to 

provide graphic representation of aligned sequences. When a multiple sequence 

alignment is finalised, it can be used to generate a sequence logo that represents the 

sequence conservation and variation at specific locations, and the WebLogo server [217] 

is a common tool used to generate a sequence logo. 

 

Structure-related analyses 

Both nucleic acid and polypeptide sequences form secondary and tertiary structures to 

become biologically functional, and the prediction of these structures thus becomes an 

important topic of bioinformatics. For nucleic acids, one common approach is to predict 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE=FAQ
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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the secondary from the primary sequence, in which many possible structures are first 

generated, and the one with the lowest amount of free energy for folding is determined 

as the most stable structure. Available as both a web server and a stand-alone 

application, Mfold [218] is a popular tool for predicting secondary structures for DNA and 

RNA. Alternatively, the secondary structure can also be predicted comparatively, in 

which several homologous sequences are first aligned and then used to guide the 

prediction of structures for other homologous. One example that is capable of performing 

comparative prediction is program Infernal [219], which can create "covariance models" 

from RNA alignments. A covariance model resembles a "profile" generated by HMMER, 

but it is specialised for RNA, and thus can be used to identify conserved RNA secondary 

structures from primary sequence data. 

Protein secondary structure elements, such as helices, sheets and coils, can be 

identified based on electrostatic forces and the association between certain residues and 

specific motifs [209], while the calculation of free energy is often involved to determine 

the most likely candidate. Likewise, comparative modelling based on similarity is another 

approach when the structure of a related protein is known. Many tools are available for 

analyses related to protein structures, such as the Phyre2 [220], I-TASSER [221] and 

ExPASy [222]. 

 

Phylogenetic analyses 

As described earlier, aligned sequences are often used for phylogenetic analyses, which 

aim to infer the evolutionary history and relationships of individuals (taxa). During a 

phylogenetic inference, the input is most often aligned nucleic acid or amino acid 

sequences (molecular analysis), but can also be trait-based characteristics 

(morphological analysis). The result is a phylogeny, which is usually represented in a 

tree form (phylogenetic tree). 

Many methods can be used to construct a phylogenetic tree. Distance-matrix based 

methods, in which pairwise distances are calculated from mismatches observed in the 

input alignment. Popular distance-based methods include Neighbour Joining (NJ) and 

Unweighted Pair Group Method with Arithmetic mean (UPGMA). They are easy to set up 

and the analysis can be done in a very short time. However, the trade-off is the results 

are not as accurate as other methods. Therefore, distance-based methods are often 
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used to build "draft" trees before any optimisation is applied. The second method is 

maximum parsimony (MP), which identifies the phylogeny that involves the smallest 

number of evolutionary events. The generated tree will be the most optimal under the 

assumption of minimal evolutionary changes; however, it is also sensitive to certain 

situations such as long-branch attraction, in which long-branched taxa are incorrectly 

placed together. Both distance-based and MP methods are relatively simple, and many 

sequence aligning programs have integrated functions to construct trees using these 

methods, such as PHYLIP [223], SeaView [215] and ClustalW [211]. 

The next type of methods is maximum likelihood (ML), which infers the probabilities for 

candidate trees. During the tree inference, a substitution model is required in order to 

estimate the probability (likelihood) of the sequences under the specified model in a 

particular tree. A substitution model describes sequence changes from one to another, 

and examples of commonly used models include GTR (generalised time reversible) 

[224] for nucleotides and Dayhoff [225] for amino acids. The best-fitting model should be 

chosen for different datasets, and many programs also enable the user to implement 

their own models. Based on the maximum likelihood paradigm, Bayesian approaches 

provide another method that incorporates probabilities obtained previously, and 

generally uses Markov chain Monte Carlo sampling algorithms for tree inference. Both 

ML and Bayesian methods are considered more reliable compared to distance-based 

and MP methods, while the ability to specify the model is suitable to various conditions. 

However, both methods require intense computational resources and are more time-

consuming. Example programs that are can construct trees using either or both methods 

are RAxML [226], PhyML [227], MrBayes [228] and MEGA [229]. 

A phylogenetic tree can be either rooted or unrooted. Rooted trees include a specific 

taxon is used to indicate the location of the most recent common ancestor of other taxa. 

In contrast, unrooted trees only infer the relationships among given taxa, but do not 

indicate the most recent common ancestor. A taxon that can be used as a root is usually 

an uncontroversial outgroup, which is known to be distinct from, but is still close enough 

to allow the meaningful comparison to other taxa. 

The confidence level of estimated trees is evaluated after inference. Common methods 

are bootstrapping for distance-based, MP and ML trees and posterior probability for 

Bayesian trees. In practice, nodes with a bootstrap value of >= 70% (sometimes 75%) or 

a posterior probability of >= 95% is generally considered as valid, while nodes with lower 
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values are not considered as confident and may be left out from further analysis. 

 

Data handling and database management 

As being described so far, bioinformatic analyses generally involve processing the 

information of various sequences or molecules. Such biological information can be 

collected, organised and stored in databases to provide convenience for future access of 

specific data. One of the best-known databases is the GenBank built by NCBI (National 

Center for Biotechnology Information) [230], which contains many databases specific to 

different types of information (e.g. nucleotides, proteins). The GenBank is open to 

researches and enables the submission of experimental data by individual laboratories 

and projects. In addition, EMBL [231] and DDBJ [232] are other examples of databases 

for nucleotides. Similarly, UniProt [233], SWISS-PROT [234] and PDB [235] are 

databases specific for proteins, while PDB also contains information of solved tertiary 

structures of many biological molecules. 

Databases are not only limited to primary sequences. For example, there are databases 

specific to functional motifs and families of protein or RNA molecules, such as CDD 

[236], Pfam [237] and Rfam [238]. Besides, some databases are specific for certain 

model organisms, such as EcoCyc [239] for E. coli, SGD [240] for yeasts, WormBase 

[241] for C. elegans, FlyBase [242] for Drosophila, ZFIN [243] for zebrafish, and 

Xenbase [244] for Xenopus. 

In addition to those being introduced in this section, bioinformatics tools are widely 

applied in other topics such as analyses of gene expression, protein regulation, 

structural modelling and molecular interaction. However, since these topics are not 

involved in this dissertation, they are omitted in this introduction. 

 

Aims of this dissertation 

This dissertation includes four individual projects related to bioinformatic studies of 

bacterial retroelements. The first project described in Chapter II aimed to expand the 

current set of prokaryotic RTs and investigate their diversity, continuing from our 2008 

publication [20]. As our lab focuses on group II introns, the next project described in 

Chapter III first aimed to update our collection of group II introns from GenBank. Based 
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on preliminary searches, it was expected that new classes could be revealed from the 

updated collection. Meanwhile, our current understanding of group II introns and their 

properties could be more systematically addressed, especially for each class. Many 

analyses were thus performed to all introns, and this project was done in collaboration 

with Ashley Jarding from our lab. Introns collected in this project contributed to the third 

project described in Chapter IV, which focused on the phylogeny of group II introns. This 

was a continuation of our 2009 study [181], which was limited by a small dataset. By 

taking advantage of the much larger dataset generated in Chapter III, this project aimed 

to solve questions left in the previous study, mainly about whether the IEP and RNA of 

group II introns coevolved, and how different classes are phylogenetically related to 

each other. The project described in Chapter V focused on a different retroelement, 

DGRs. Similar to the survey study for group II introns, this project intended to present a 

list of DGRs that are manually curated and can be used as references for future 

research. 
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Chapter II. Discovery of new reverse transcriptases in bacteria 

Abstract 

The first project of this dissertation aimed to perform an update to collect all putative 

prokaryotic RTs from the GenBank database as of July 2014. This was mainly done 

using an automated pipeline program previously published by our lab [245] with custom 

modifications. The majority of the new RT collection was occupied by group II introns, 

followed by retrons and DGRs. Almost all RT classes that were defined previously in 

2008 [20] were expanded after the update. In addition, seven new RT classes, named 

unknown 10-16, were identified, although their functions could not yet be predicted. 

Considering the large expansion of the updated RT collection, it is believed that both the 

number and diversity of bacterial RTs will keep increasing in future searches. 

 

Introduction 

It has been known that prokaryotes contain RTs since the discovery of retrons [15, 153], 

and along with other types of RTs, such as group II introns and DGRs, it was indeed 

shown that there is a great diversity of bacterial RTs [20, 21]. Before the start of this 

project, a previous study carried out in our lab in 2008 identified 1049 bacterial RTs from 

GenBank using PSI-BLAST (position-specific iterated basic local alignment search 

tool), and these RTs were divided into 20 classes while 38 individuals were left 

unclassified [20]. While only group II introns showed clear evidence of mobility based on 

a high copy number in the same genome, other uncharacterised classes are thought to 

have other biological functions useful to the host, because they are of either a single or 

low copy number and exist in a limited number of host organisms [20]. Meanwhile, new 

types of RTs were expected to be identified with the ongoing, rapid expansion of 

sequence databanks. As an update to the study in 2008, the project described in this 

chapter searched the GenBank databases in July 2014 using an automated method. It 

first aimed to investigate by how much the new collection of bacterial RTs can be 

expanded, and also intended to identify any new classes of RTs. 
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Materials and Methods 

Initial BLAST searches for putative full-length RTs 

The search for new bacterial RTs began with a TBLASTN (protein query against 

translated nucleotide database) search. The query sequences included 311 RTs from 

the previous publications [14, 20], including RTs from group II introns, group II like 1-5 

(G2L 1-5), AbiA, AbiK, DGRs, retrons, rvt, and nine unknown classes (Appendix A1). 

The search was against the GenBank non-redundant nucleotide collection (NT) as of 

July 2014, and the maximal E value (expect value) threshold was set to 1e-40 based on 

many preliminary test searches to eliminate less similar sequences. Custom Perl scripts 

(not provided in appendices) were used to perform BLAST searches in batch through the 

BLAST+ executables (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/) [246], and only 

hits from bacteria and archaea were retained. 

Overlapping hits were merged into single entries to reduce duplicates and all hits were 

downloaded together with 10 kb flanking each side. The full-length proteins were 

predicted using the longest ORF matching the corresponding BLAST hit, and the ORF 

boundaries for some were adjusted to match available GenBank annotations. Based on 

the BLAST-generated alignment to the best hit, protein sequences that likely have 

premature stops and/or frame shifts were dropped from the dataset. 

 

RT classification and class-wide alignments 

Putative RTs were classified based on their closest relatives, which were determined 

through BLASTP (protein query against protein database). During the BLASTP 

comparison, each putative RT was used as the query and searched against a custom 

protein database consisting of ~1000 RTs from known groups plus 25 non-RT proteins 

as negative controls (Appendix A2) [20]. 

The top three hits for each query were used to classify each candidate RT, and if the 

search returned fewer than three hits, the RT was labelled as "N/A" indicating that not 

enough information was available for its classification. Three conditions were applied to 

classify candidates with at least three hits returned: 1) If all three hits or the first two hits 

belonged to the same type, the RT was assigned the same with high confidence; 2) If 

only two hits belonged to the same type and they were not of the top two, the RT was 

assigned the same but with lower confidence; 3) If all three hits were different, the RT 

ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/
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remained unclassified. Of note, at the end of the classification step, sequences labelled 

as "N/A" were all found to be truncated or have other problems (e.g. frameshifts) and 

were dropped from the dataset. 

All except 87 RTs could be classified by the BLASTP-based method. As there might 

have been new classes among these 87 sequences, they were subjected to a pairwise 

BLASTP comparison together with 316 representative RTs from known classes. Every 

two RT sequences were compared using BLASTP, and based on the E value, they were 

either grouped to a known class, assigned as a new class or remained unclassified. 

After the classification, sequences within each group of RT were automatically aligned 

by the program MUSCLE [213] except for group II introns, which were aligned by the 

program HMMER [214] using a sequence profile previously established by our lab. 

These automatic sequence alignments were refined manually, and truncated sequences 

were identified and excluded from the dataset. 

In addition, it was later noticed that four sequences identified from the previous study 

[20], including three from G2L5 and one from unclassified G2L, were missed in this 

update because GenBank had removed their entries (reasons were not stated). To 

maintain the completeness, these four sequences were appended into the new dataset. 

The complete flowchart of this updated RT collection is depicted in Figure 11. 

 

Domain composition analysis 

The domain composition for each RT was analysed by Pfam [237] using default settings. 

To reduce the processing time and the server load, sequences that were highly similar to 

our group II collection were not subjected to this analysis. The search was performed in 

batch through a custom Perl script (not provided), and results were verified by submitting 

to CDD (Conserved Domain Database, 

https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) [236]. 

 

 

https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
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Figure 11. Workflow of collecting bacterial RTs from GenBank. 

The search began with a TBLASTN search against GenBank's NT database using 331 RTs as the query. Only hits from bacteria and archaea 
were retained, and overlapping hits were merged to unique entries followed by sequence downloading including ± 10 kb flanks. Full-length ORFs 
were identified from the downloaded sequences and classified first based on closest relatives through BLASTP. Defective RTs and non-RTs were 
excluded. Remaining RTs were classified into 22 known classes leaving 87 RTs unclassified, which were further classified by pairwise BLASTP 
into seven new classes. At last, with the addition of four missed sequences from the previous collection, the dataset contained 3044 RTs in total. 
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Results and Discussion 

The expanded collection of bacterial RTs 

The main purpose of this study was to collect bacterial and archaeal RTs from the most 

recent GenBank database as an update to the last study performed in 2008 [20]. 

Previously, RTs were detected by PSI-BLAST, which was manually performed for 

multiple iterations. During this update, a different approach was used by searching for 

RTs from GenBank through TBLASTN, which is easier to automate (Figure 11). 

Excluding defective sequences, this update detected 3040 putative bacterial RTs that 

were later classified into 29 classes, while seven of the 29 classes were newly revealed 

from this study. All sequences were verified to have a complete RT domain through both 

Pfam and CDD, whereas an RT domain was either missing or incomplete in the set of 

excluded sequences. Therefore, the automated approach used for this update is capable 

of detecting functional RTs and requires less manual effort compared to the PSI-BLAST-

based method used in the previous study. 

This updated dataset showed a greater diversity of bacterial RTs by revealing seven 

new classes. But the overall distributions of RTs from different classes is similar to the 

previous result: the majority of RTs are still from group II introns (75%), followed by 

retrons (12%) and DGRs (3%) (Figure 12). The remaining 10% fell into 26 classes, 

including Abi-associated RTs (AbiA, AbiK, Abi-P2), group II like RTs G2L1-4, the rvt 

elements, unknown groups 1-16 and five unclassified individual sequences (Figure 12). 

The class of rvt elements, which was separately reported in 2014 [14], was new to the 

previous collection but was not a new class revealed in the update; while unknowns 10-

16 were new classes revealed at this time. 

Five individual RT sequences still remained unclassified. They were compared to 

GenBank's non-redundant protein database (NR) and showed less significant E values 

ranging between 1e-26 to 1e-6, indicating they are unique to both the other RT 

sequences in this collection and also the NR database. However, it is believed many of 

them will be classified in the future when more sequences are added into GenBank. For 

example, the group named unknown 10, which contains five members, used to be an 

unclassified individual in the previous collection [20]. 
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Figure 12. Class distribution of RTs from this collection. 

The majority of the set is from group II introns, retrons and DGRs, while the remaining ~10% 
showed a higher diversity that fell into 26 classes plus five unclassified individuals. 

 

Of the new RT collection, the group sizes of most classes increased except for G2L2 

and unknown 1, which both are smaller compared to the previous collection by one 

sequence. Besides, another two classes, G2L5 and G2L-other (unclassified G2L) were 

found completely missing in the new collection. In the previous collection, G2L5 and 

G2L-other were both small groups and contained three and one sequences, 

respectively. To verify whether they were missed due to a different method being used, 

additional BLASTP searches were performed using all four sequences (ZP_01851752, 

ZP_01854760, ZP_01090701, ZP_01872295) as queries. However, no hit was returned 

by the search, while the four entries themselves were noticed to have been removed 

from the GenBank database, although the specific reason was not stated. In order to 

maintain the completeness of the collection, these four missed sequences were 

appended to the new RT collection (Figure 11). The removal of entries from GenBank 

(e.g. when a more recent record is published, or when the whole genome where the old 

entry belonged to was completely sequenced) could have been the reason for G2L2 and 

unknown 1 to be smaller. However, this was not further investigated because the new 

and previous collections only differ by one sequence, which is not significant. 
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Domain composition and functional prediction of RTs 

To illustrate the composition of the RT domain for each class, the RTs were first aligned 

to the IEPs of group II introns, which contain all RT motifs 0-7. It was noticed that not all 

RTs could be aligned along the entire RT domain, even though that almost all classes 

could be aligned across RT motifs 3-6 (Figure 13), which are essential to form the active 

core and correspond to the finger and palm subdomains as observed in other 

polymerases [247, 248]. This indicates that all RTs identified in the updated collection 

share a similar core structure. 

Next, whether other RT classes would also contain the thumb domain was investigated. 

In group II intron IEPs, the X domain is believed to be equivalent to the thumb domain, 

and is downstream of the RT domain. However, the thumb domain could not be 

predicted for most other RT classes except for a few G2L classes due to the lack of 

sequence similarity [249]. Regardless, almost all of the remaining classes except for 

unknown 11 contain an extension of at least 50 aa downstream of the RT, which is long 

enough for a thumb domain [250]. Therefore, together with the presence of the finger 

and palm domains, most RT classes are likely functional polymerases even though the 

thumb domain could not be predicted from sequence similarity. 

In addition to the RT and thumb domains, the function of an RT-containing protein could 

be inferred if other domains are present. Among all classes, only group II introns clearly 

contain an EN domain, which facilitates their retrohoming process. Some classes of RTs 

have already been characterised previously, such as that G2L1 and G2L2 that are 

associated with some CRISPR/Cas systems, and AbiA, AbiK and Abi-P2 that are related 

to the phage immunity Abi system [20]. However, functions of most other RT classes 

remained unclear. Therefore, additional protein motifs were analysed using Pfam and 

CDD for all RT classes in order to make predictions for each class, and only domains 

present in over half the members of a class were considered as a class-specific feature 

(Figure 13). 
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Figure 13. Domain composition of each RT class. 

Classes are depicted in a tree format that places similar classes (group II and group II like) into 
the same clade. The size of triangle before each class name reflects the class size, and the 
number of each class is given in parentheses after the class name. Sequences are depicted by 
squares representing individual RT motifs and other domains or extensions. Black, grey or white 
indicate clear, ambiguous or absence of alignability to group II introns respectively. Predicted 
properties of each class is listed on the right. 
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Only a limited number of protein motifs could be detected. Two subsets of retrons 

(based on a preliminary neighbour-joining tree, not provided here) showed a trypsin or 

gluzincin domain, which are both associated with proteinase activity, at the C terminus, 

while the rest of retrons had no additional detectable domains. This indicates some 

retrons may be related to protein digestion, and also implies that retrons may have 

different biological functions depending on the host, supporting a previous hypothesis 

[154]. Unknown groups 1 and 5 have a nitrilase domain, which has been characterised 

to break C-N bonds in nonpeptide cleavages involved in small molecule metabolism [21, 

236]; and unknown group 4 has the pilus-related domain fimbrial [20]. Regardless, these 

motifs are not directly involved in normal RT functions, and it is impossible to predict 

whether they contribute to the RT without experiments. Unknown 10 was detected to 

contain a primase domain (Figure 13). Primases are a class of RNA polymerases that 

are essential during DNA replication since they synthesize short RNA primers to initiate 

the process of DNA synthesis [251, 252, 253, 254]. Therefore, it would be reasonable to 

hypothesize that the primase domain involved in an RT could assist the process of 

reverse transcription. 

Aside from additional protein motifs, a different approach to predict functions of RTs was 

based on genes in the neighbourhood of the RT [21]. Therefore, information about 

flanking genes for each RT sequence in this collection was gathered from available 

GenBank annotations. This did not yield informative results (data not provided), as most 

genes in the flanks were annotated as hypothetical proteins or transposon-related 

genes. Although a few RTs are located close to some housekeeping genes, none of 

these housekeeping genes was consistently present in the neighbourhood of all RTs 

from the same class, and thus no clear pattern could be concluded to predict the 

function of the RT. 

 

Conclusion 

Bacterial RTs are clearly diverse and widespread. As anticipated, this project increased 

examples of known types of RTs in bacteria and revealed seven new classes 

(Unknowns 10-16). Moreover, based on the domain composition, all RT classes are 

expected to be functional, although a few may not function as classic polymerases (e.g. 

AbiK). However, the specific function of each class of RTs remains unclear for most 
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classes due to the lack of information about additional functional motifs or the properties 

of genes in the neighbourhood of the RT. 

In the technical aspect, the automated approach used in this project is believed to be 

capable of detecting putatively functional RT sequences. It mainly differed from the 

previous study by using regular BLAST searches instead of PSI-BLAST [20], which was 

designed to identify proteins that are more distantly related. In spite of using a different 

approach, all RT classes discovered previously have been detected in this project, 

indicating that regular BLAST, which is easier to be automate than PSI-BLAST, is 

sufficient. On the other hand, because some proteins with the same function vary in 

sequences, tertiary structure-based protein identification could be considered in the 

future to reveal novel RTs that are less similar in sequence, although this would be 

limited by available protein structures. 
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Chapter III. Learning about group II introns through 

bioinformatic analyses 

Abstract 

Group II introns are retroelements found in bacterial and archaeal genomes as well as in 

many organellar genomes. The aim of the project described in this chapter was to create 

a comprehensive collection of group II introns in bacteria and archaea from data 

available in the GenBank database. Full-length intron sequences were identified using 

an automated method, and their secondary structures were first folded automatically 

followed by manual correction, which was mainly based on the consensus structure of 

each class. This updated intron collection is about 4-fold larger than the old dataset 

stored in our group II intron database (http://webapps2.ucalgary.ca/~groupii/). All 

compiled introns were then subjected to a series of analyses to update our current 

understand of group II introns, including the following topics: 1) A phylogenetic tree 

revealed a new IEP-based Class G and a tentative new Class H; secondary structures 

were then used to create the consensus RNA structures of these two classes, while the 

consensus structure for Class A was also refined since this class was greatly enlarged in 

the update. 2) Target specificity was analysed manually for a small subset of introns, 

and a preference of homing site could be observed from all classes. 3) Biases were 

detected for introns inserting into the leading or lagging strand, which was generally 

consistent to the hypothesis that EN-lacking introns more often rely on a priming site 

provided by the lagging strand. 4) A variety of non-standard intron organisations were 

identified, including twintrons, tandem introns and more complicated situations. Multiple 

copies of the same "intron complex" could be observed for many examples, indicating 

these intron complexes may still be capable of splicing and not merely inactivated 

remnants. All newly identified introns were stored in our group II intron database, which 

also underwent technical improvements for a better performance. 

  

http://webapps2.ucalgary.ca/~groupii/
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Introduction 

As a type of mobile element, group II introns are widespread in bacteria and sometimes 

found in high copy numbers. Our lab maintains a database for group II introns 

(http://webapps2.ucalgary.ca/~groupii/) that contains a large number of putatively 

functional group II introns from bacteria and archaea. This database was initially 

established in 2002 and contained about 40 introns [255]. In 2012, a pipeline program 

was developed by our lab to identify group II introns automatically from large DNA 

datasets, such as the GenBank database [245]. Since then, the number of new introns 

has continuously increased and they have been added to the database [256]. During 

previous searches using the pipeline program, it was noticed that the same intron 

sequence may exist in different genomes. To avoid recording such duplicates, our 

database only keeps one record among multiple introns that are highly similar (>= 95% 

identical in sequence) to each other and belong to the same host species. This intron 

representative was thus referred as the intron "prototype". By the end of 2013, the 

number of intron prototypes stored in our database was about 700. 

However, a few issues were also found from the pipeline program. First, introns from 

Class E are often mislabelled as unclassified due to inconsistent file names in the source 

code, and these introns were often discarded by the pipeline in subsequent steps. 

Second, even though the total number of introns has increased greatly since we began 

to identify introns automatically, corresponding changes have never been maintained up 

to date, including sequence profiles used for classification or secondary structures used 

for automatic intron folding; and this may cause incorrect predictions due to the use of 

old profiles. Third, the pipeline program interacts directly with other programs, such as 

the BLAST+ suite [246], HMMER [214] and Infernal [219], and updates of those external 

programs require the pipeline to be updated. 

In addition to the issues mentioned above, there are many limitations of the pipeline 

[245]. First, the prediction of RNA boundaries may be ambiguous for some introns from 

CL1 and Class B due to the presence of a 5'- or 3' extension [257, 258]. Second, since 

the pipeline begins with searching for group II-related RTs, introns without an ORF 

(ORF-less) would not be detected, even though they are rare compared to standard 

introns [259, 260]. Third, this pipeline was designed to discover standard introns only, 

and thus twintrons (intron within another intron), tandem introns and other non-standard 

introns would not be revealed. 

http://webapps2.ucalgary.ca/~groupii/


38 
 

The first aim of the project described in this chapter was to solve currently identified 

issues of the pipeline by either modifying the source code, updating associated files or 

providing alternative approaches. Next, because the last search for a comprehensive set 

of introns was done in 2013, which was four years before I started to update the pipeline 

program, the fixed pipeline program was thus expected to reveal an even larger set of 

group II introns. Therefore, the second aim of this project was to perform several 

bioinformatic analyses in order to update our knowledges in group II introns based on 

the most recent dataset, such as from an updated phylogenetic tree, revisions for RNA 

consensus structures, specificities of homing sites or insertion strands, and detection of 

non-standard but possibly active intron complexes. 

 

Materials and Methods 

As a clarification, this project was performed in collaboration with Ashley Jarding in our 

lab. Typically, I performed all computational work such as writing scripts for batch data 

processing, but the rest of works, such as intron folding and other data analysing, were 

done with Ashley Jarding, and her contribution will be specified. 

 

Intron collection from GenBank 

Two updates were performed in 2013 and 2017 to search for introns from GenBank, and 

both used the same pipeline framework [245]. All scripts used in the 2013 update were 

written by Abebe et al. [245], and some scripts used in the 2017 update were either 

modified or revised by me in order to solve issues described in the introduction (source 

codes not provided). 

 

Detection and classification of putative group II RTs 

The search began with identifying group II-related RTs through BLASTX (protein query 

against nucleotide database) searches against GenBank's non-redundant nucleotide 

database (NR). A total of 42 intron representatives selected from each class (bacterial A-

G, CL1, CL2, ML) plus six unclassified introns were used as query sequences. 

Overlapping hits were merged to form a list of non-overlapping "unique" hits, and the 
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longest ORF contained each hit was used as the putative IEP. Nucleotide sequences of 

each putative IEP, including ± 3000 bp flanking each side, were downloaded for later 

analyses. 

False hits (non-group II RTs) were identified through BLASTP by comparing each hit to a 

set of known RTs including both group II and non-group II RTs (e.g. DGR, retron), and if 

any of the top three hits belonged to a non-group II RT, the hit was dropped from the 

dataset. Remaining sequences were classified through another BLAST comparison 

against representatives selected from each class. If at least two of the top three hits 

belonged to the same class, the hit was also assigned to the same class. Otherwise, the 

putative IEP remained unclassified. 

 

Filtering for incomplete group II RTs 

To only retain RTs that are likely to be functional, candidate IEPs were evaluated for 

their domain completeness. This was done through a BLASTP-based method. First, a 

reference RT was selected from existing functional IEPs for each class. For each of RT 

motifs 0-7, domain X and domain EN (if present), an amino acid was selected from the 

most conserved area as an "anchor" (Figure 14 top, Appendix B1). These anchors were 

used to verify whether the corresponding domain or motif is present in a candidate. Each 

candidate RT was compared to the reference RT from the same class through BLASTP. 

If all anchors are aligned to an amino acid of the candidate, the candidate IEP is thus 

considered to have all domains and thus putatively functional. As illustrated in Figure 14, 

the reference RT is shown on top with two example anchors marked in pink and blue 

respectively. Two sample sequences 1 and 2 are aligned to this reference. Sample 1 is 

considered as complete because it contains an amino acid alignable to both anchors, 

while sample 2 is considered incomplete because it does not have an amino acid 

alignable to the anchor marked in blue. Incomplete RTs (one or more anchors are not 

aligned to an amino acid from the candidate) were excluded from the dataset. 
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Figure 14. Example of using amino acid "anchors" to evaluate the completeness of 
candidate RTs. 

The representative RT is selected from each class, and for each domain and motif (RT motifs 0-7, 
X and EN), one amino acid was selected as the "anchor" (pink and blue). Candidate RTs were 
compared to the representative through BLASTP. If the candidate shows an amino acid alignable 
to the representative at all anchored positions, it is considered complete (Sample 1). If the 
candidate lacks an amino acid alignable to at least one anchored position, it is considered 
incomplete (Sample 2) and excluded from the dataset. 

 

Prediction of RNA boundaries and folding of intron secondary structures 

As group II intron RNAs generally lack sequence similarity but can still be structurally 

aligned, the program HMMER was used to generate sequence profiles from currently 

available RNA alignments for each class, and the profiles were used to predict the intron 

RNA boundary. Profiles for each RNA domain were separately created. The entire 

domain IV was excluded because it mainly contains the ORF and is not essentially 

required to form a functional RNA tertiary structure. Sequences downloaded in the 

previous step (RT with ± 3000 bp flanks) were searched for RNA segments matching 

these profiles using HMMER. Sequences that showed matches to all five domain profiles 

were forwarded to an automated folding script written by Michael Abebe (not provided); 

this script first align new RNA sequences to a user-defined RNA alignment through 

Infernal [219], then generates folding constraints and folding new sequences through 

Mfold [218]. Sequences that lacked one or more matches of these five domains were 

dropped from following analyses. Finally, all folded RNA structures were aligned to the 

current RNA alignments and with manual refinements. Introns that could not be folded 

into a standard six-domain structure were excluded. The step of intron folding and 

correction was done together with Ashley Jarding. 

 

Detection of non-standard intron complexes 

The pipeline program was not designed to find non-standard introns due to their 

complexity in organisation. Therefore, such introns were identified through visual 

inspection, and this was done together with Ashley Jarding. All previously downloaded 
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sequences were subjected to finding such non-standard introns. Boundaries of potential 

IEP and RNA, which were predicted in previous steps by either BLAST or HMMER 

searches, were visualised using a custom Perl script (not provided) as demonstrated in 

Figure 15. 

 

 

Figure 15. Examples of visual inspection for non-standard introns. 

Blue and red blocks (with yellow borders) are drawn to scale and correspond to IEP and RNA 
matches performed by HMMER respectively. At both sides, purple blocks indicate flanking areas 
with no matches, and are also not drawn to scale. Numbers written on each block indicate the 
length in nucleotides. Red blocks also contain more details including the boundary coordinates 
and the target domain it matches, but is truncated in this display but can be expanded when the 
image was opened in the original format (HTML). The visual inspection focused on the 
arrangement between different blocks. A) Two introns in tandem, while the blue and orange bars 
correspond to the upstream and downstream copies respectively; B) A classical twintron, while 
the blue and orange bars correspond to the inner and outer copy respectively; C) An ORF-less 
intron indicated by the blue bar, and meanwhile, this is probably the inner intron of a twintron, in 
which the outer copy is indicated by the orange bar; D) A non-standard example of four introns 
nested into each other, while the red bar corresponds to repeated domains of DI-III, the green bar 
corresponds to repeated domains of DV-VI. 

 

The visual inspection mainly relied on the order of RNA segments, and mainly focused 

on finding three types of intron complexes: tandem introns, twintrons and ORF-less 

introns. If using "D5" to represent RNA domains DI-III (domains at the 5' end) and "D3" 

to represent RNA domains DV-VI (domains at the 3' end), a standard intron can be 

written as "D5-D3", in which the IEP resides between D5 and D3. Therefore, two introns 

in tandem can be written as "(D5-D3)-(D5-D3)", in which a complete intron is indicated in 

parentheses (Figure 15A). Similarly, a typical twintron can be written as "[D5]-(D5-D3)-

[D3]", in which the inner intron is indicated in parentheses and the outer intron, which is 

interrupted by the inner intron, is indicated in square brackets (Figure 15B). ORF-less 

introns should generally have the same organisation as standard introns ("D5-D3"), but 



42 
 

lack the IEP portion (Figure 15C). 

In addition, other more complicated organisations were identified during the visual 

inspection. Such intron "complexes" often contain multiple layers of introns but segments 

can form standard introns if each spliced in order (Figure 15D). All non-standard introns 

were also folded using the same procedure as described in the previous section. 

 

Phylogenetic inference based on the IEP sequences 

The program RAxML [226] was used to construct phylogenetic trees using all IEP 

sequences under the LG model and with 1000 bootstrap replicates. The IEP sequence 

alignment was produced by HMMER with manual refinements, and the global lenient 

IEP mask (as described in Chapter IV) was used to include only the more conserved 

sites. 

 

Automatic prediction of intron insertion sites 

BLASTX was used to predict automatically the intron insertion sites. The query 

sequence was the ligated exon sequences (~300 bp at each side), and the target 

database was GenBank's NR database. Of all proteins matched in the result hits, only 

matches across the ligated junction without a frameshift were assigned as the predicted 

host gene of an intron. Custom Perl scripts (not provided) were used to perform 

searches in batch and screen the results. 

 

Analysis of the strand preference of intron insertion 

Only introns belonging to a complete genome (based on the title of GenBank records) 

were included in this analysis. The origin and terminus of DNA replication of each 

genome were predicted based on the cumulative GC-skew [261, 262, 263] using the 

lowest and highest values respectively. The GC-skew was calculated by a Perl script 

(available at https://github.com/Geo-

omics/scripts/blob/master/AssemblyTools/gcSkew.pl) with the window size set to 1000 

bp. Because the origin and terminus are on average away by 50% of the entire genome 

size, manual spot checks (done together with Ashley Jarding) were performed using 

application GenSkew (http://genskew.csb.univie.ac.at) to find genomes that do not have 

https://github.com/Geo-omics/scripts/blob/master/AssemblyTools/gcSkew.pl
https://github.com/Geo-omics/scripts/blob/master/AssemblyTools/gcSkew.pl
http://genskew.csb.univie.ac.at/
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a clear GC-skew (Figure 16). It was decided to include only genomes that had their 

termini predicted to be 50 ± 10% of the whole genome size away from the origin. 

Meanwhile, to avoid highly similar genomes, pairwise BLASTN was used to pick up 

potential duplicates that have a >=98% sequence identity over the full-length of the 

intron and ± 2 kb of the flanking regions. 

 

 

Figure 16. Example genomes with clear and ambiguous GC-skews. 

The blue line corresponds to the normal GC-skew within specified window size of 1000 bp, and 
the red line corresponds to the cumulative GC-skew. A) Genome CP003241.1 shows a clear GC-
skew, in which positions with the lowest and highest cumulative CG-skews were predicted to be 
the origin and terminus respectively. B) Genome CP003607.1 shows an ambiguous GC-skew 
and was excluded. Images were generated by application GenSkew. 

 

Results and Discussion 

The expanded collection of group II introns and new classes 

Before the two updates, there were 329 intron prototypes stored in our database, and 

they fall into nine classes: Classes A-F, CL1, CL2 and ML. The two updates in 2013 and 

2017 revealed 1179 new intron prototypes in total, which is about 4-fold larger than the 

old set. Of all the newly predicted introns, 946 are putatively functional, and the 

remainder 221 have a defective IEP but an apparently functional RNA. Together with the 

329 introns in the old dataset, there are 1275 putatively functional intron prototypes in 

the final dataset. Compared to the old dataset, all known classes have been greatly 

increased, especially Class A, which now contains 51 members compared to the initial 

number of three (Figure 17). 
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Figure 17. Increase in total number of introns of each class. 

Comparison is between the initial collection before 2013 and after the two updates performed in 
2013 and 2017. Note that Class G is a newly discovered class and did not exist in the initial 
dataset before 2013. 

 

In order to clearly classify all newly identified introns, a phylogenetic tree was 

constructed using the IEPs of all 1275 intron prototypes (Figure 18). Most classes are 

supported by forming a single clade with a >= 75% bootstrap value except for Classes C 

and F, which formed into single clades but without supports (Figure 18). A new class, 

named Class G (Figure 18, red), was revealed by the IEP-based phylogenetic analysis, 

and it contains 45 introns in total (Figure 17). 

A few introns remained unclassified based on the tree, and most of them scatter 

between Classes C and F (Figure 18, black), except for one intron, Hp.au.I3, that is 

close to the cluster of A+B+ML (Figure 18). Of these unclassified introns, a small clade 

of four individuals was observed with support, which then led to the tentative 

establishment of another new class, named Class H (Figure 18, light green). 

After confirming the classification for all introns, intron sequences of the same class 

were structurally aligned according to their folded RNA structure, which was then used to 

update the RNA consensus structure for each class. However, it was noticed that even 

with a larger number of introns, the currently confirmed RNA consensus structure was 

not affected for most classes. Therefore, updates were only made for Class A (Appendix 

C), which had increased from three to 51 members. RNA consensus structures were 

also created for the two new classes, G and H (Appendix C). 
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Figure 18. The IEP-based phylogenetic tree of 1275 introns from the most recent 
compilation. 

Classes are colour coded and strongly supported (bootstrap >= 75) major clades are indicated by 
red dots. Names of all unclassified introns are pointed out by dashed lines. The tree was made 
using the program RAxML with 1000 bootstrap replicates. 

 

Intron insertion patterns 

Because the phylogenetic tree clearly separates all classes from each other except 

Class F, which still form a single clade, members of each class should be more 

phylogenetically related to each other compared to members from other classes. 

Therefore, it would also be more likely that members of the same class tend to target 

more similar homing sites. To investigate this, the homing sites of a subset of introns 

(~200) were analysed manually by examining whether the ligated exon sequences 

belonging to a known gene or potential ORF through BLASTX. Not all introns were 

subjected in this analysis due to large amount of manual work. This work was 

contributed by all members in the Zimmerly lab in 2013. 
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As expected, there is a trend that each class has a preference in its homing site (Figure 

19A): Classes A, D and G mainly target transposon-related genes, especially Class A 

that has all members inserting exclusively into transposases; Classes B, ML, CL1 and 

CL2 have a sizable number (25-50%) inserting into various housekeeping genes; and 

Classes C, E, F as well as most unclassified introns were mainly found intergenic, while 

Class C was the most unique as it mainly targets the short region downstream of a 

transcriptional terminator. In addition, many introns were found inserting into hypothetical 

proteins, which may be unidentified housekeeping genes but without enough evidence to 

be characterised conclusively as such. However, even when such hypothetical proteins 

were considered as housekeeping genes, the overall pattern of homing sites for each 

class was not affected. 

 

 

Figure 19. Distribution of insertion sites for each class. 

A) Insertion patterns through manual inspection using a small subset of introns. The y-axis 
corresponds to the absolute number of introns. B) Comparison of the type of insertion site 
between the manual and automated approaches, while the y-axis corresponds to the proportion 
in percentage of each type. Data of the manual inspection is the same as shown in A), and data 
for the automated inspection was based on automated BLASTX searches of about 6000 intron 
copies. 
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The manually examined subset was believed to represent the full collection of group II 

introns. However, during the process of identifying multiple copies for each intron 

prototype, it was also noticed that some introns could have different homing sites for 

different copies. Therefore, an automated approach was used to predict the insertion 

sites for all identified intron copies (~6000 introns). This was done by comparing the 

ligated exons against GenBank's protein database using BLASTX, and top hits that 

covered the junction of exons with no frameshifts were retained as the predicted homing 

site. 

Figure 19B compares results between the manual examination and the automated 

approach for each class. Overall, both methods showed the same trend in preference for 

homing sites, but there were also some variations that could not be considered as minor. 

For example, the entire Class A was confirmed to insert into transposases through the 

manual examination, but the automated method predicted some inserting into 

housekeeping genes (Figure 19B); the manual examination showed almost the entire 

Class C was inserting into intergenic areas except for a very small portion (~3%), but the 

automatic prediction showed a rather large portion (~30%) of Class C introns could be 

inserting into genes (Figure 19B). 

To verify whether such disagreements reflect real differences caused after increasing 

the dataset, affected classes were spot checked. As a result, all sampled individuals 

were found to be incorrectly predicted by the automated approach. The first reason was 

inaccurate GenBank annotations; and the second reason was incorrect BLAST hits, 

which usually occurred when the intron inserted at the very beginning or end of its host 

gene. In the latter case, the real host gene may not always be the best hit, causing the 

prediction of its host gene to be incorrectly assigned. In contrast, manual examination 

spends more time to verify all top hits for each ligated exon sequence, and thus 

ambiguous GenBank annotations can be replaced by more reliable information, and the 

"real" best hit can be justified by comparing all other hits. Therefore, although the 

automated approach may never be as accurate as manual inspections, it is much faster 

than manual inspection, has the ability to process large datasets, and can still lead to the 

same trend. This automated approach is expected to be improved by considering more 

hits returned by BLAST to achieve more accurate predictions, which will gradually 

replace the labour-demanding manual inspection. 
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The relationship between intron host organisms and IEP-based classification 

Aside from the direct analysis of identifying the ligated exon sequences, a different 

analysis showed that the host organisms of introns appear to correlate well with the IEP-

based tree (Appendix B2). Sometimes, almost an entire class is found in a single 

phylum. For example, all Class A introns except one are from proteobacteria, all Class B 

introns except one are from firmicutes, and almost all CL2 introns are from a 

cyanobacterium host (Appendix B2). In contrast, some classes are mixed with several 

phyla. For example, Class G introns split into two clades that are mainly from 

proteobacteria and actinobacteria respectively, while ML introns are mainly from 

firmicutes, proteobacteria and Bacteroidetes (Appendix B). Very often, it was also 

observed that introns belonging to the same phylum cluster into clades (Appendix B). 

Altogether, this correlation explains that introns from the same class are more likely to 

target the same or similar homing sites. On the other hand, this also implies a possible 

direction of horizontal transfer. As hypothesized in previous publication [264] as well as 

in Chapter IV of this dissertation, Class C is the most likely to be the ancestral class 

among all group II introns, while the majority of earlier branching introns of Class C are 

from firmicutes, while the rest are mainly from proteobacteria. According to the 16S 

rRNA-based phylogenetic tree published by 'The All-Species Living Tree' Project [265, 

266], firmicutes branched earlier than other phyla that contain group II introns (e.g. 

actinobacteria and proteobacteria). However, this project did not examine this topic in 

detail. Future analysis can thus further investigate the connection between the IEP-

based phylogeny and the evolution of involved host organisms, which could hopefully 

explicate the distribution of introns among diverse species. 

 

Bias in the strand of intron insertion 

As mentioned earlier, the EN domain of the IEP is responsible for cleaving the bottom 

strand of double stranded DNA and enables reverse transcription of the intron RNA 

during retrohoming. Some introns lacking the EN domain have still been shown to be 

capable of retrohoming by using an alternative primer coming from the nascent lagging 

strand during DNA replication [132, 134, 267]. As a result, such introns would preferably 

insert into the leading strand. 

To verify this hypothesis, the insertion strand of all introns belonging to a completely 
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sequenced genome was analysed. First, the origin and terminus of each genome were 

estimated based on the GC-skew [261, 262, 263] and the portion of leading and lagging 

strands were thus predicted based on the location of origin and terminus. Genomes that 

did not show a clear GC-skew were excluded as described in Methods (Figure 16). 

Because it is common for different substrains of some organisms (e.g. E. coli) to be 

repeatedly sequenced, these genomes may be nearly identical in sequence and contain 

identical introns inserted at the same site. Such intron duplicates may cause an artificial 

bias if included in the analysis as they do not represent independent mobility events. 

Therefore, in order to identify and eliminate them, all introns including 2 kb of flanks at 

both sides were subject in pairwise BLASTN-based comparisons, and sequences that 

are >= 98% identical were considered duplicates and excluded. The final dataset 

included 2530 unique intron copies from 911 completely sequenced genomes. Within 

each class, the number of introns inserted at each 1% interval of the whole genome was 

plotted as shown in Figure 20. 

As an average for most bacterial genomes, while setting the origin at 0 and 100% 

positions of a genome, the 0-50% region on the top strand and the 50-100% region on 

the bottom strand will correspond to the theoretical leading strands during DNA 

replication, and the rest of the regions will be the theoretical lagging strands. Therefore, 

an obvious bias of inserting into the leading strand could be observed in Classes C, D, 

E, F and unclassified introns (including the tentative Class H), which all lack an EN 

domain (Figure 20, Table 1). Also, as expected, Classes CL1 and CL2, which typically 

contain an EN domain, were distributed roughly evenly into both strands (Figure 20, 

Table 1). Even though a few CL1 introns do not contain the EN domain, a separate plot 

including only those introns (not shown) still showed an even distribution resembling the 

plot for the entire CL1 class. 
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Figure 20. Numbers of introns inserted at each 1% genomic interval for different 
phylogenetic classes. 

All genomes were divided into 100 segments while setting position 0 and 100 (x-axis) to be the 
origin, which was predicted based on the GC-skew. For each class, the number of introns 
inserted into every 1% interval were totalled for the top and bottom strands, which correspond to 
blue and red bars in the plot respectively. The vertical dashed lines at the 50% position indicate 
the expected position of the terminus. Duplicated copies between genomes have been eliminated 
from the dataset to prevent bias from more frequently sequenced genomes. 
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Table 1. Numbers of introns inferred to be inserted in leading or lagging strands. 

Introns are grouped into four sections based on their genomic locations. The ratio of introns 
inserting into the leading and lagging strands is approximated. Whether an EN domain is present 
in the IEP for each class is indicated in the last column, and data used for calculation is the same 
as for plots in Figure 20. According to the hypothesis that EN-lacking introns prefer to insert into 
the leading strand (explained in the main text), an even ratio between the leading and lagging 
strands would be expected for EN-containing classes, while an uneven ratio (leading >> lagging) 
would be expected for EN-lacking classes. 

 

 

In contrast, there were also unexpected observations. As classes that do not have an 

EN domain, Classes A and G showed an even distribution into both strands, while EN-

containing Classes B and ML showed a bias in targeting the leading strand more 

frequently (Figure 20, Table 1). One explanation for this could be the genes into which 

these introns insert. It could be difficult or even impossible to discriminate between 

insertions into the leading or lagging strand and cases where the transposon has 

subsequently moved. As mentioned in the previous section, Classes A and G mainly 

insert into mobile transposons, and thus the observed distribution of these introns onto 

the two DNA strands could reflect the preference of the host transposons instead of the 

preferences of the introns. Similarly, Class B and ML introns often target housekeeping 

genes, and if the locations of host genes are biased in the different strands, the 

distribution of introns inserting into these genes would also appear to have a bias. Since 

the genomic locations of housekeeping genes do not change as transposons do, this 

could be the main reason that caused the bias observed for B and ML. 

This analysis was limited by the number of host genomes that have been completely 

sequenced, as well as whether the complete genome shows a clear GC-skew, since this 

Top 0-

50% 

(Leading)

Top 50-

100% 

(Lagging)

Bottom 

0-50% 

(Lagging)

Bottom 

50-100% 

(Leading)

Leading 

total

Lagging 

total

Leading: 

Lagging

Has EN 

domain

?

A 27 23 37 37 64 60 1:1 No

B 52 10 16 52 104 26 4:1 Yes

C 537 72 85 545 1082 157 7:1 No

D 59 17 18 63 122 35 7:2 No

E 97 13 15 96 193 28 7:1 No

F 56 9 7 82 138 16 9:1 No

G 6 9 6 6 12 15 1:1 No

CL1 75 53 52 67 142 105 1:1 Yes

CL2 22 13 8 11 33 21 3:2 Yes

ML 44 13 22 42 86 35 5:2 Yes
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was used for origin prediction. About 20% of the complete genomes analysed did not 

show a clear GC-skew and were excluded. As an alternative attempt, these genomes 

were submitted to the DoriC database (http://tubic.tju.edu.cn/doric/) [268]. However, no 

informative results could be obtained for most genomes submitted. The most common 

case was the DoriC-based prediction included multiple candidate origins that are far 

away from each other. Therefore, even though one of them was in consist with the GC-

based prediction, it would be difficult to determine which of the suggested candidate 

could be used for genomes without a clear GC-skew. As a result, genomes without a 

GC-skew remained unused. However, it would still be of interest to investigate whether 

introns belong to such genomes, such as the Firmicutes phylum that shows biased 

nucleotide usage in the coding region [269], could reveal a different pattern in the 

insertion strand; and if so, whether this is also associated to the pattern of the homing 

site such introns. Although there are other methods for origin prediction (discussed in 

[270]), they used in this analysis due to the lack of available applications, but can be 

considered to be tested in the future. 

 

Non-standard intron organisations 

A standard intron organisation consists of a ribozyme RNA with the IEP residing in DIV. 

Almost all functional introns in bacteria are of this form and they can be easily identified 

from genomic sequences. Introns can also appear in non-standard forms, such as two 

introns directly next to each other (tandem), one intron within another (twintron), an 

intron that does not possess the IEP portion (ORF-less) or even more complicated 

nested organisations. 

Such non-standard introns are generally harder to detect automatically. First, the 

pipeline program begins with the search for the IEP, and thus ORF-less introns are not 

addressed. Second, in a twintron organisation, even if the pipeline program can detect 

the inner intron, the outer intron would be most likely marked incomplete due to the 

interruption caused by the inner intron. Third, although in tandem intron organisations, 

each individual intron copy is expected to be detected automatically, they would not be 

identified as tandem to each other because the pipeline was not programmed to record 

their genomic locations and to examine the proximity to other introns. Other intron 

complexes would also be dismissed by the pipeline due to similar reasons, such as 

lacking the IEP or having interrupted segments. 

http://tubic.tju.edu.cn/doric/
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Although attempts were made in the pipeline program for finding twintrons and tandem 

introns, it only detected a small number (~5) during in the 2013 update. During the 2017 

update, intron complexes were thus identified manually through visual inspection of 

existing group II-related IEP and RNA segments (Figure 15, Methods). Even though this 

was not a systematic approach, it indeed revealed a rather large set of ~60 unique 

examples and showed a great variation in non-standard introns. 

 

Tandem introns 

Tandem intron units consist of two introns adjacent to each other without any extra 

nucleotides in between (Figure 15A). Each intron copy is often complete and can be 

individually detected by the pipeline. A total of 17 unique tandem intron units were 

discovered, which were divided into two major types, I and II, based on whether the 

intron copies are of the same prototype. Each type can further be divided into two 

subtypes, "a" and "b", based on the order of each intron being inserted into the 

chromosomal DNA (Table 2). 

 

Table 2. Tandem intron classification. 

Tandem introns are grouped based on the identity of the two copies. The insertion pattern is 
based on their predicted EBS-IBS interactions. Numbers listed in the table do not include multiple 
copies. Detailed information for each tandem unit and its copy number are provided in Appendix 
B3. 

 

 

The prediction of the order of intron insertion was through the EBS-IBS pairings. In 

subtype "a", the downstream intron is believed to insert into the genomic DNA first, 

followed by the upstream intron inserting at its 5' end. As a result, both the upstream and 

downstream introns recognise the same home site sequence, while the downstream 

Subtype and description In coding 

exon 

sequence

Intergenic Total #

a. Downstream intron inserts 

earlier than the upstream intron

8 6 14

a. Downstream intron inserts 

earlier than the upstream intron

0 1 1

b. Upstream intron inserts earlier 

than the downstream intron

0 2 2

Main type and 

description

II. All copies belong to 

different prototypes

I. All copies belong to 

the same prototype
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intron (which inserted earlier) is separated from its EBS sequence by the upstream 

intron (which inserted later) (Figure 21A-C). This is the most common type among all 

identified tandem units (15 of 17, Table 2). They are expected to be functional and can 

splice as a single unit, not only because many of them (8 of 17, Table 2) are found in 

coding sequences, but also because some have been found multiple times within the 

same flanking sequences (Appendix B3). A special example of this category consists of 

three identical introns (Du.tl.I1) in tandem with all recognising the same homing site 

(Figure 21B). 

 

 

Figure 21. Examples of tandem intron units. 

Introns are depicted as red blocks and given intron names are selected real examples. EBS1-
IBS1 and EBS2-IBS2 interactions are denoted by orange and blue arrowed lines respectively. A) 
Type I-a. Two P.s.I4 copies in tandem with both recognising the same IBS1 and IBS2. B) Type I-
a. Three Du.tl.I1 copies in tandem with all recognising the same IBS1. C) Type II-a. Different 
introns R.pi.I2 and R.pi.I3 in tandem with both recognising the same IBS1 and IBS2. D) Type II-b. 
Different introns Ce.al.I2 and Ce.al.I1 in tandem and they recognise different IBS1 sequences. 
Names of these types correspond to Table 2 and Appendix B3. Based on the EBS-IBS 
interactions, the downstream intron is likely to insert earlier than the upstream intron in A), B) and 
C), while the upstream intron is likely to insert earlier than the downstream intron in D) (see main 
text). 

 

In subtype "b", the upstream intron inserted into the genomic DNA first, followed by the 

downstream intron inserting at the 3' end. Therefore, the upstream intron (which inserted 

earlier) and its IBS sequence would remain adjacent, while the 3' end of the upstream 

intron also serves as the IBS sequence for the downstream intron (which inserted later) 

(Figure 21D). Of the 17 unique tandem units, only two belong to this type, and at 

present, none of the two had support of being mobile as a tandem unit due to the lack of 
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multiple copies (Table 2, Appendix B3). 

 

Twintrons 

A typical twintron consists of two introns with one residing within the other (Figure 15B, 

C). The pipeline was only capable of precisely detecting the inner copy because of its 

intact organisation. When a twintron interrupts a gene, both intron copies have to be 

spliced out to maintain the gene function. This would require the inner intron first splicing 

out from the outer intron, followed by the outer intron splicing out from the flanking 

sequences. There are 25 new unique twintrons identified in this compilation, raising the 

total number of unique twintrons to 42. Different from tandem units, twintrons showed a 

larger diversity, and resulted in more types (A to F) based on the properties of both 

copies (Table 3, Figure 22, Appendix B3). 

 

Table 3. Twintron classification. 

Twintrons are divided based on the insertion site of the inner copy, and then by other features 
such as the presence of the IEP or the orientation of each copy. Numbers given in the table are 
only of the unique twintrons, and a full list of twintrons including duplicated copies is available in 
Appendix B3. 

 

 

Insertion site of the 

inner intron

Type and description In coding 

exon 

sequence

Intergenic Total  #

A. Both copies have an IEP 7 12 19

B. Inner portion contains two 

introns in tandem

0 2 2

C. The inner copy is ORF-less 1 10 11

D. Both copies are ORF-less 0 1 1

E. Two copies are in opposite 

orientation

0 2 2

Within the ribozyme 

portion (DI, II, III, V, VI) 

of the outer intron

F. The inner copy resides 

within the ribozyme outside 

of both IEP and DIV

0 7 7

Within the IEP or DIV of 

the outer intron
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Figure 22. Examples of various twintron organisations. 

Introns are depicted by a combination of stem-loops and blocks that correspond to the RNA 
domains and IEP portions respectively. When the inner intron interrupts the IEP of the outer, the 
last four amino acids at the upstream of the insertion site are specified: "YADD" is conserved in 
motif 5 of the RT domain, and "YYRI" is conserved in the X domain. Colours are used to 
differentiate multiple intron copies, and dashed lines above or below draw the boundaries of each 
complete intron together with the specific intron name. Figure is not drawn to scale. A) Both the 
inner and outer copies contain an IEP. B) The inner portion contain two IEP-containing introns in 
tandem. C) An ORF-LESS intron is inside of an IEP-containing intron. D) Both inner and outer 
introns are ORF-less. E) The inner and outer introns are in the opposite orientation. F) The inner 
intron resides within the ribozyme sequence in a location other than the IEP or DIV of the outer 
intron. 

 

Type A has the most common twintron form, in which both the inner and outer introns 

contain an IEP, and the inner one resides within the IEP of the outer (Figure 22A). Type 

A contained 19 examples, and about one third (7 of 19) of type A twintrons reside in 

genes (Table 3). If considering multiple copies, about half (32 of 63) of all identified 

twintrons belong to type A (Appendix B3). Type A twintrons are found in various species 

and involve introns from almost all classes except for Class A (Appendix B3). Because 

of the frequent observation of multiple occurrences and the widespread distribution, type 

A twintrons are generally expected to be active, and a few examples have already been 
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experimentally confirmed [271]. 

Type B twintrons can be considered as a special case of type A. They contain two 

introns in tandem as the inner portion while the IEP of the outer intron is interrupted 

(Figure 22B). Two unique type B twintrons have been identified (Table 3), and one of 

them was also found with two copies (Appendix B3), indicating this unit is still likely to be 

active. 

For both type A and type B twintrons, the inner introns are often found to insert 

immediately downstream of the essential "YADD" motif of the RT domain (Figure 22A, 

B). The same insertion pattern was also observed in a previous study [98], which 

indicates that many introns prefer to home into conserved sequences, and when the 

homing site is a conserved RT motif of the IEP, it would cause introns homing into other 

introns followed by the formation of twintrons. 

In addition to twintrons that only contain standard intron copies, one or both introns of 

the twintron unit can be ORF-less. Type C twintrons contain an ORF-less inner intron 

(Figure 22C), and type D twintrons have both the inner and outer copies being ORF-less 

(Figure 22D). However, twintrons with an ORF-containing inner copy and an ORF-less 

outer copy have not been identified yet. Both type C and type D twintrons are expected 

to require an IEP encoded by a different intron in the genome to assist their splicing. 

After the inner intron splices out, the outer intron of type C is capable of expressing its 

own functional IEP, while the outer intron of type D would require the assistance of 

another IEP, which may or may not be the same IEP used by the inner intron. Type C is 

the second largest group in size (11 of 42) among all types, and one was found residing 

in a gene (Table 3). One of the 11 type C twintrons was found with four identical copies 

(Appendix B3), implying a possibility of this unit being transferred across individuals and 

could be active. In contrast, type D is the smallest group since it only contains one 

example with no additional copies at all (Table 3, Appendix B3), and thus it remains 

unclear whether this type D twintron is still active or is a remnant when both copies lost 

their IEPs. 

Type E has the inner and outer introns residing in opposite orientations (Figure 22E). 

Currently, two examples have been found (Appendix B3): one contains an outer ORF-

less intron and a standard inner intron, and the other contains two standard introns and 

has three copies in the same genome, which suggests the latter example is still active. 
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For the latter example, the inner intron inserts after sequence "YYRI", which belongs to a 

conserved region in domain X. Nonetheless, since the inner intron targets the sequence 

on the other orientation, which does not appear to code for a meaningful ORF, it is not 

yet clear whether the "YYRI" region could be a second insertion site favoured by these 

inner introns, or the inner introns only target the specific homing sequence, regardless 

whether it is associated to the IEP on the opposite strand. 

Type F is different from all other types in terms of the location of the inner intron, which 

is within the ribozyme but not in the DIV nor the IEP. Of the seven type F twintrons, 

almost all inner introns were found to target the linker sequence between DV and DVI 

(Figure 22F), and one of them contains three copies that indicate its splicing ability 

(Appendix B3). The outer introns of type F are from different classes (C, D, E, 

unclassified, Appendix B3) and there is no sequence similarity in their linker sequences. 

Therefore, in contrast to types A and B that were formed by introns homing into 

conserved IEP sequences, type F twintrons could be formed when introns home into 

conserved RNA structures (e.g. DV). 

Overall, twintrons have shown a great variety in their organisation, although having two 

standard IEP-containing introns is the most common form of presently identified 

twintrons. Most types are expected to be capable of splicing in an order of inner-to-outer 

based the copy number of some examples (Appendix B3), but there is also a possibility 

that some (if not all) multiple copies were caused by genomic duplication events, which 

can be verified by comparing both the intron and flanking sequences. As the next step, 

the large variety of different twintron structures can be further investigate, and the 

examination of the sequences in their neighbourhoods should be considered. 

 

ORF-less introns 

ORF-less introns lack the IEP portion entirely or contain only a short piece of remnant of 

the IEP. They are expected to require the assistance of other IEPs in trans in order to 

splice or be mobile. They could not be detected by the pipeline, which was designed to 

search for introns relying on the IEP similarity and domain completeness. Earlier 

searches identified many ORF-less examples by beginning the search for the conserved 

domain V of the RNA ribozyme [272]. This time, such examples were directly detected 

through visual inspection this time by looking for closely located 5'- and 3' RNA 



59 
 

segments where the IEP is absent (Figure 15C). ORF-less RNAs can be folded as 

standard introns, and traces of IEP are often observed, ORF-less introns are thought to 

have originated from loss of the IEP. Very often, ORF-less introns are involved in 

twintrons or other complexes (next section). 

Irregular intron organisations 

During the step of finding tandem introns, twintrons and ORF-less introns, it was noticed 

that some introns could form even more complicated chimeric organisations. As 

observed most commonly, they involve segments from different introns being mixed with 

each other, such that no complete individual intron could be identified. These are 

believed to be defective and thus marked as intron graveyards. Interestingly, there are 

also cases when all segments can be reassembled back into individual introns, and they 

may still be functional if each unit splices out in order. This section gives a few examples 

of such complexes (Figure 23). 

 

 

Figure 23. Example of non-standard intron complexes. 

Introns are depicted using the same style as in Figure 22. A grey block corresponds to a 
transposase as shown in panel A. Some introns are not yet finalised and thus their names are not 
provided. Examples are all from genomes CP003180 and FO818640. 

 

A simple example from genome CP013008 (Arthrospira platensis YZ) shows a twintron 

in tandem with another intron that contains a transposase instead of a group II IEP 

encoded on the opposite strand (Figure 23A). In genome FO818640 (Arthrospira sp. Str. 

PCC 8005), there is a complex consisting of an ORF-less intron in tandem with a 

twintron, which consists of two ORF-less introns in tandem as the inner portion of the 
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twintron (Figure 23B). In the same genome, another example shows a nested twintron 

organisation in which the same intron repeatedly targets its own DII at the same site 

(Figure 23C). Interestingly, this situation was also found in a different location in the 

same genome, however, the two units are not exactly identical as they differ by the 

presence of a portion at the 5' end (Figure 23C, purple). Therefore, this unit may initially 

form by the same intron targeting itself over time. While it is possible to be active, the 5' 

portion could be lost due to the lack of the corresponding 3' end during the homing 

reaction. Alternatively, multiple copies could be generated through genome duplication, 

but this is less convincing by comparing their flanking sequences. 

In addition to these examples, genomes CP013008, FO818640 and CP000393 

(Trichodesmium erythraeum IMS101) were found to be extremely rich in such examples, 

and also contain a large number of inactivated intron graveyards (Appendix B4), 

indicating these genomes have undergone frequent genomic rearrangements. 

 

Updates to the database for group II introns 

As introduced earlier, two updates performed in 2013 and 2017 to predict group II 

introns from the GenBank database have greatly increased the total number of intron 

prototypes, the number of multiple copies, and also some non-standard intron forms. 

However, during the first attempt of appending all this new information into our group II 

intron database, it was noticed that our old database was designed to use one single 

table to store all intron data. Since our previous database only had one record for each 

intron prototype, using a single-table would not often cause problems in performance. 

However, the single-table limits the flexibility for data manipulation and causes a large 

amount of redundancy, especially when multiple copies of each prototype are added. 

For example, to store one intron prototype plus nine of its multiple copies into the single 

table, all basic information (e.g. name and class) must be repeatedly recorded for each 

copy, resulting in nine of them being redundant. Also, when any of such information is to 

be modified, for example, to change the class name from "bacterial A" to "bacterial B", 

the same procedure of editing must be repeated for all 10 copies. Currently, this process 

is not automated by our dataset and could only be done manually. Not only does this 

process increase the amount of manual work, it would also be more prone to human 

errors that would cause data inconsistency. 

Therefore, I performed updates to our group II intron database, including a redesigned 
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database structure and new scripts for the website to provide new features. All these 

updates have been described in detail in a separate document as a user manual for the 

lab, and this section will only give an overview about the new database design. 

As depicted in Figure 24, the new database structure was designed to use multiple 

tables for different types of data. Each table contains two or more "fields", in which one 

of them is set to the "primary key" (also referred as "ID" in this section), which serves as 

a unique identifier for each record stored in the table. Different tables are therefore 

connected through the primary keys (Figure 24). 

Two main tables, named "prototype" and "intronseq" respectively, are used to store the 

majority of intron data (Figure 24 [1-2]). The former is specific to intron prototypes and 

stores general information such as the name, class ID and host organism ID (Figure 24 

[1]), while the latter is specific to each individual intron copy and stores information such 

as the GenBank accession and coordinates and the boundary of the IEP within the 

intron DNA (Figure 24 [2]). Information shared across introns, including the IEP- and 

RNA-based class names, the host organisms and the phylogenetic domains are stored 

in separate tables (Figure 24, [3-6]). In addition, tables "ge95" and "ge95_member" are 

used to store groups of prototypes that are >= 95% identical in sequence (Figure 24, [7-

8]), and tables "tandem" and "twintron" are used to store tandem introns and twintrons 

(Figure 24, [9-10]). Detailed descriptions of all tables and fields are provided in Appendix 

B5. 

The redundancy caused by using a single table is eliminated by using multiple tables, 

because shared information (e.g. class name) is only recorded once. Different pieces of 

data in multiple tables can be linked to each other, which enables a higher flexibility. 

Meanwhile, chances of human errors during data manipulation are thus also decreased. 
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Figure 24. Data structure of the revised group II intron database. 

Multiple tables are used to store different types of data. Each table is present as a box, while the name of table is given on top in the shaded area. 
The number surrounded by square brackets does not belong to the table name, and is only used to number the tables for referencing 
convenience. Names of all fields in each table is listed in the open box below the title, and detailed explanations of all fields are provided in 
Appendix B5. The field used as the primary key of each table is indicated by an asterisk sign ("*"). Solid arrowed lines depict the relationship 
between tables.  
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Conclusion 

The project described in this chapter first collected group II introns in bacteria through an 

automated approach, and two updates performed in 2013 and 2017, respectively, 

increased our collection of unique intron prototypes by about 4-fold. Phylogenetic 

analyses have revealed a new Class G, a tentative new Class H, and ~15 unclassified 

introns. This larger dataset enabled an update of the RNA consensus secondary 

structure for Class A based on the new set of over 40 Class A introns, which would be a 

more convincing and accurate than the old consensus, which was made from only three 

members that were nearly identical. 

All intron prototypes were searched for other identical copies, and all these data have 

been stored in our group II intron database, which has been technically improved to 

reduce data redundancy and provide a more user-friendly interface. All new introns have 

been integrated into current alignments for IEP and RNA. However, due to the amount of 

time required, they have not been completely refined and will require future corrections. 

As the next step, new sequence profiles can be created from these refined alignments 

and used to perform future searches. Because of the increase of size for each class, the 

RNA alignments are especially expected to provide better reference for automated intron 

folding in the future, reducing manual requirements. This will allow the intron database to 

be dated with the expanding number of sequences on GenBank with minimal amount of 

manual labour required (e.g. for sequence refinement and correction). 

While more introns and potential new classes are expected to be discovered in the 

future as the GenBank database increases, the current dataset has shown a large 

variety in group II introns in many aspects. First, different intron lineages tend to more 

often target certain types of host genes during the homing reaction, including genes, 

transposons or intergenic areas. This was first concluded by manually examining a small 

intron subset, and then supported by an automated prediction based on BLASTX. The 

manual examination should be mostly accurate, it required a lot of manual work and was 

time consuming. In contrast, even though error-free results can never be produced by 

the automated approach, it provided an overall similar pattern compared to the manual 

examination. The automated approach can thus be used in the future for similar 

analysis, but will first require some improvements to increase the accuracy for protein 

identification. Possible suggestions would focus on more hits instead of only the top hit, 

and the program should also be able to judge between the "top" hit and the "best" hit, 
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which would usually be different if the intron reside at either end of a protein sequence. 

In addition, the host organism of each intron appears to correlate well with the IEP-

based phylogeny at the phylum level, which indicates introns of the same class are 

actively transferring between similar species, while occasional horizontal transfer events 

occur between more distantly related species, thus gradually introducing a different class 

of intron into a new group of hosts (phyla). 

Second, most classes that lack the EN domain in the IEP showed a bias in inserting into 

the leading strand, which agrees with the hypothesis that such introns tend to use the 

lagging strands of the DNA replicate fork to initiate DNA synthesis of the other strand of 

insertion. However, this analysis only considered genomes with a clear GC-skew, which 

was then used to predict the origin, but it was also noticed that many genomes that were 

excluded in this analysis also contained multiple introns. It would be of interest to 

investigate further the preference of insertion strand for these introns if the origins of 

such genomes can be predicted, and whether they could affect the current conclusions. 

Non-standard intron organisations, including tandem introns, twintrons, ORF-less introns 

and more complicated forms, were discovered from the updated database. They were 

often missed by the pipeline program either because they appeared to be incomplete 

intron segments or lacked the IEP portion so that they could not be detected by the 

pipeline. Through visual inspection, over 50 such non-standard examples were found 

and analysed. They are expected to be active if all introns splice out sequentially. Many 

such complexes have multiple copies in the same genome, which also implies they are, 

collectively, still active mobile elements. This project has provided a procedure with 

several scripts that are ready to use. In the future, the visual inspection-based strategy is 

expected to be programmed to identify automatically introns and provide suggestions of 

potential intron complexes for manual proofreading, and scripts used for visualising the 

organisation of intron complexes can be improved and integrated into our pipeline to 

generate user-friendly graphics. 

Overall, this study provided an updated collection of group II introns and is should cover 

most typical introns as of spring 2017. In addition to continuous identification of more 

standard introns as the GenBank database increases, future searches will focus on non-

standard introns as well as novel introns, which may either have DNA sequences less 

similar to all currently known introns but still fold into a conserved secondary structure, or 

can be sequentially detected but have other secondary structural features. Novel introns 
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are expected to form new classes, and could give new insights into the diversity of group 

II introns and their phylogenetic relationships. 
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Chapter IV. Phylogenetic analysis of group II introns 

Abstract 

Many phylogenetic analyses were performed on an enlarged set of group II introns in 

order to depict their evolutionary history. Phylogenetic trees were separately constructed 

using sequences from the IEP and RNA, and were constructed on different scales: the 

full that included all introns (global set), and individual subsets for each class of introns 

(class-specific sets). The relationships between classes were consistent in different 

trees, but all lacked support. Among trees constructed using the same data type (IEP or 

RNA), class-specific trees generally provided a higher resolution compared to the global 

trees, but there were no significant topological differences found through manual 

comparisons. Similarly, there were no major differences found between trees 

constructed using different data types, agreeing with the hypothesis that the IEP and 

RNA were coevolving. Although attempts were made to obtain more formal evaluations 

between these trees through the SH topology test, it was finally concluded that trees of 

group II introns may not be suitable for topology tests as minor yet common topological 

disagreements would often cause the null hypothesis to be rejected. In addition, the 

larger dataset did not appear to be sensitive to taxon-sampling but seemed to be 

affected by biased sampling that was based on the GC-content, indicating some 

topological differences observed between this and the previous studies [181] could be 

due the use of different datasets. Additional trees constructed using the morphologic 

data showed consistent topology between classes, which provided evidence to the 

unsupported relationships between classes. Finally, by including many non-group II RT 

sequences, the oldest group II intron class was shown to be most likely Class C, which 

is the smallest in both IEP and RNA portions and agreed with a parsimonious 

evolutionary history. 
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Introduction 

Group II introns are large catalytic RNA containing an intron-encoded protein (IEP) to 

assists their splicing and mobility reactions in vivo. The RNA portion shows little 

sequence similarity between individuals in general but they can all fold into a conserved 

secondary structure of six domains (DI-DVI) surrounding a central wheel (Figure 25A) 

[102, 103, 104]. Domain I is the largest domain and it is responsible for recognising the 

5'- and 3' exons through exon-binding sites (EBS) 1, 2 and 3. It serves as a scaffold and 

contains many tertiary interactions that are essential for the RNA to fold into the correct 

form [273]. Domain II helps to stabilise the RNA structure but is less conserved for the 

splicing reaction [274, 275]. Domain III interacts with domain V and enhances the 

catalytic reaction [276, 277]. Domain IV contains the ORF of the IEP, but this domain 

itself is not required for the splicing reaction. Domain V is the most essential domain for 

splicing by forming the catalytic core [103, 104]. Domain VI contains a bulged adenosine 

near the 3' end, which initiates splicing by providing its 2'-OH at the beginning of the first 

transesterification step (Figure 6) [18, 278, 279, 280]. Based on tertiary base pairings 

and structural features, the RNA can be divided into three major types, IIA, IIB and IIC 

[18, 103, 104, 278, 281]. 

In contrast, the IEP of different introns are more conserved in sequence, and a typical 

IEP consists of multiple domains: RT, X, D and sometimes EN. The RT domain contains 

conserved motifs 0-7 and has similar sequence with other RTs (Figure 25B). Based on 

the IEP sequence, introns can be divided into classes named bacterial A to G, 

chloroplast-like (CL) 1 and 2, and mitochondrial-like (ML) [106, 272, 282]. It has been 

noticed that each IEP-based class corresponds to a certain RNA type: ML introns have 

IIA RNA structure, bacterial C introns have IIC structures, bacterial A is a hybrid between 

IIA and IIB, while the rest all have IIB structures [272, 281]. Together with that the IEP 

binds to the RNA ribozyme during both splicing and mobility reactions in vivo, the intron 

IEP and RNA are hypothesized to have coevolved [272, 281, 283]. 

Previously, a phylogenetic study performed in 2009 [181] (which will be referred to "the 

2009 study") used a large number of group II introns from all identified classes and 

constructed trees using both IEP and RNA sequences, and trees were compared to test 

the hypothesis of their coevolution. That study obtained robust clades for each defined 

class and supported the hypothesized coevolution between IEP and RNA as their 

sequences yielded agreeing topologies in general [181]. However, the 2009 study had 
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many limitations and unsolved questions. The first problem was that no support was 

obtained beyond the class level, and thus the relationships between classes remained 

ambiguous. The second was a potential conflict between the IEP and RNA found for the 

two CL classes: the IEP-based tree showed that each of the two classes clearly split into 

two strong subclades (CL1A, CL1B, CL2A, CL2B), while CL2 was internal to CL1; but in 

the RNA-based tree, CL1 and CL2 appeared as sister clades and no subclades could be 

observed. 

 

 

Figure 25. Typical group II intron RNA and IEP structures. 

A) The secondary structure of the ribozyme RNA with the ORF of IEP in DIV being truncated and 
represented by a dashed circle. The green and yellow shadings are specific to regions covered 
by the global lenient RNA mask and the alt-RNA mask respectively, while pink shadings indicate 
overlapped areas between the two masks. B) The secondary structure of the IEP including 
domains RT, X, D and EN as well as all RT motifs 0-7. Thick blue bars underneath indicate areas 
covered by the global lenient IEP mask. 
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In addition, the 2009 study performed topology tests, which indicated the IEP- and RNA-

based trees were conflicting. Although the reason could not be identified, two possible 

explanations were suggested: 1) the observed inconsistency reflects actual evolutionary 

difference, or 2) environmental and functional constraints could cause sequence 

convergence during evolution, and thus some areas may appear to be similar in 

sequence even from less related classes, resulting them to be incorrectly placed close to 

each other [284]. A larger dataset was therefore suggested by the 2009 study. Since 

sequences from the same class are more similar to each other compared to those from 

other classes, class-specific trees should have a higher resolution. However, the 2009 

study was limited to only about 70 introns, and class-specific trees could not be tested 

that time. 

The 2009 study also indicated trees suffered from sensitivities to taxon sampling and 

base composition heterogeneity, which can be reflected by the GC content [284]. While 

the former would produce different topologies from similar datasets, the latter would 

group distantly related taxa together if they have similar GC contents. Nonetheless, it 

could not be further tested previously by dividing the total dataset into more subsets, due 

to the limitation of a small dataset. 

As described in Chapter III, two updates increased the total number of introns stored in 

our database from about 300 to about 1200. Therefore, by taking advantage of the 

enlarged dataset, the project described in this chapter aimed to solve questions left from 

the 2009 study. Not only this project constructed a series of trees using both the IEP- 

and RNA-sequences, it also tested the application of the paired-site model "RNA7A" 

[285] to investigate the effect of considering secondary structural information of the 

group II ribozyme as suggested by the 2009 study. Trees were inferred using introns 

from all classes (global dataset) or from only one class (class-specific dataset), and tree 

topologies were compared in order to identify potential conflicts between the IEP and 

RNA. Trees were subjected to the SH topology tests, and also tested for the sensitivities 

to taxon sampling and base composition heterogeneity. This project also extended the 

previous study by constructing trees using the morphological data in order to restore 

information dismissed due to the lack of sequence similarity. Finally, other types of RTs 

were incorporated with group II introns in order to investigate the possible origin of group 

II introns. 
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Methods and materials 

Data collection, sequence alignment and masks 

This project used 661 group II introns from bacteria and archaea (Appendix D1), which 

were collected as described in Chapter III. All introns are predicted to have a functional 

IEP and a normal ribozyme RNA that can be folded into six domains. These introns 

belong to 10 classes, including bacterial A to G, CL1 and 2 (chloroplast-like) and ML 

(mitochondrion-like). This dataset also included six unclassified individuals: B.ce.I2, 

Hn.pr.I2, Ho.hb.I2, Su.tt.I2, U.a.I4 and Hp.au.I3. All IEP sequences were automatically 

aligned by program HMMER [214] using a group II RT profile established previously by 

our lab, followed by manual refinements. RNA sequences excluding DIV were manually 

aligned based on their structural features. 

The 661 introns were divided into subsets based on the class in order to create class-

specific trees (herein, referred as "class-specific"), also, all introns were used at the 

same time to create trees including all classes (herein referred as the "global"). For both 

global and class-specific datasets, several sequence masks were applied to each 

alignment to specify more conserved sites. The IEP masks were made based on 

sequence, while the RNA masks were based on both sequence and structure. 

Generally, three IEP masks were created, and from the longest to shortest, the masks 

were named "lenient", "medium" and "strict" respectively (Table 4). Two masks, "lenient" 

and "strict", were generally created for RNA alignments, while the "medium" mask was 

not created for the RNA (Table 4). Of note, the global lenient IEP mask (the longest 

mask for the global IEP dataset) was the same as the sequence mask used in the 2009 

study [181]. 

For the RNA dataset, an additional mask, named "no gap", was derived from the "strict" 

RNA mask by removing all sites that contained at least one missing characters (gaps). In 

order to maintain the structural information, if the deleted site is involved in a base pair, 

both sites were excluded from the mask. All masks used in this project along with their 

sizes are listed in Table 4. As will be described later, another global mask, named "alt-

RNA" (Figure 25), was also used for the global RNA alignments only during tests for 

taxon sampling (see later). This mask covered the same area as used in the 2009 study 

[181], and was created based on only sequence. 
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Table 4. Sizes of masks used in the phylogenetic analysis. 

A) Sizes of masks of global alignments. B) Sizes of masks of class-specific alignments. 
Depending on the type of data, the unit is amino acid (aa) for IEP and nucleotide (nt) for RNA and 
RNA-STR. "N/A" indicates the corresponding mask was not created. 

 

 

 

Model test and phylogenetic inference 

Optimum models for the IEP and RNA datasets were selected by ProtTest [286] and 

jModelTest [287] respectively using default settings for each program. Based on 

evaluations using both Akaike information criterion (AIC) and Bayesian information 

criterion (BIC), the LG+I+G model for IEP and the GTR+I+G model for RNA were 

preferred by the majority of alignments and were used in this study, while "GTR" stands 

for "general time reversible", "G" stands for the gamma model of rate heterogeneity, and 

"I" stands for the estimate of the proportion of invariable sites. In addition, the paired-site 

model "RNA7A" [285] for RNA alignments with structural information was also used for 

the RNA dataset, and trees generated under this model will be referred as "RNA-STR" in 

the following text. 

Unless otherwise indicated, trees constructed in this project were all done by program 

RAxML [226] with 1000 bootstrap replicates using models described above (command 

written as "-m PROTGAMMAIRTREV" while running RAxML). A few trees were 

IEP (aa) RNA (nt)

global lenient 285 206

global medium 245 N/A

global strict 168 170

global alt-RNA N/A 138

A. Size of global masks.

class 

lenient

class 

medium

class 

strict

class 

lenient

class 

strict

class      

no gap

A 502 N/A 419 673 633 619

B 499 388 316 573 486 401

C 394 328 248 380 367 303

D 395 335 272 482 N/A 447

E 411 340 280 455 412 349

F 354 316 264 492 475 403

G 375 334 266 582 561 519

CL1 421 374 339 547 500 328

CL2 476 376 347 524 469 355

ML 465 347 299 530 488 349

B. Size of class-specific masks.

Class IEP (aa) RNA (nt)
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constructed using the program MrBayes [228], in which the model for amino acids was 

specified as "mixed" instead of LG. For MrBayes, the minimal number of generations 

was set to 40 million, or until the average standard deviation of split frequencies 

(ASDSF) was lower than 0.01 as suggested by the user manual, whichever came first. 

Four chains were executed for each run, and the sampling frequency and diagnosing 

frequency were both set to 5000. All programs were running on the Bugaboo server at 

WestGrid (http://www.westgrid.ca). 

 

Taxon sampling analyses 

Two types of sampling were performed. The first type selected four subsets that were 

evenly sampled along the global lenient IEP tree. Each subset had ~140 introns in total, 

which included ~20% from each class and all six unclassified introns (Appendix D1). The 

second type was based on the GC content and had only one subset, which included 196 

introns with a GC content of 47.1 ± 5% (43-52% inclusive) (Appendix D1), while 47.1% 

was average GC content among all 661 IEPs. Only the lenient IEP, lenient RNA and the 

alt-RNA masks were used to construct these taxon sampled trees, because only minor 

differences were observed between various masks (see Results). Trees were 

constructed by both RAxML and MrBayes. To reduce the computational time, only 100 

bootstrap replicates were requested for RAxML. 

 

Shimodaira-Hasegawa topology test 

The SH test was performed at both global and class levels using program CONSEL 

[288]. Site-by-site likelihoods were calculated by "codeml" from the PAML package [289] 

using the LG model (for amino acids) and "baseml" using the GTR model (for 

nucleotides). In order to reduce computational time, the SH tests of global trees only 

used the four sets of taxon sampled trees, which each set contained three global trees 

constructed by the lenient IEP, lenient RNA and alt-RNA masks. During the SH tests for 

class-specific trees, seven IEP-based trees (three subtrees extracted from global lenient, 

medium and strict trees, three class-specific lenient, medium and strict trees, and one 

class-specific tree using the global strict mask) and 10 RNA trees (two subtrees 

extracted from global lenient and strict trees, six class-specific lenient, strict and no gap 

trees using the GTR and RNA7A models) were used. 

http://www.westgrid.ca/
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Morphological tree 

Morphological data were collected from both IEP and RNA alignments. Of the IEP, they 

included the presence of EN domain, the average length of each RT motif, X and EN 

domains, as well as the degree of sequence similarity across classes (Appendix D2). 

The degree of sequence similarity was evaluated using HMMER-based comparisons. 

First, three class-specific profiles were created for various portions of the IEP alignment: 

areas before RT motif 0, the entire domain X, and the entire domain EN if present. Next, 

each profile was compared to the corresponding portion for all intron individuals by 

HMMER, and the average E value of introns from the same class was calculated, and 

used to evaluate the degree of similarity for the same portion across different classes. 

Of the RNA, morphological characters were mainly based on secondary structural 

features, such as the length of a conserved stem, the presence of less conserved 

structures, and the structure formed by a specific area (e.g. whether a stem has no 

mismatches or contains an internal loop) (Appendix D2). Features collected from both 

the IEP and RNA were coded as either binary or morphology data: the former uses 

either the digit "0" or "1" to indicate whether a feature is absent or present, the latter 

uses all 10 digits (0-9) to divide each feature into up to 10 subtypes. 

There were 37 and 98 morphological characters extracted from the IEP and RNA 

respectively. Among all characters, 49 were further chosen to form a "more important" 

subset, in which selected features either correspond to an essential tertiary interaction 

(e.g. IBS1-EBS1), or are related to the inclusion of major functional domains (e.g. the EN 

domain of the IEP) (Appendix D2). During the phylogenetic inference, the two data types 

were partitioned to use different models for the binary and morphology data, and four 

morphological trees were constructed by MrBayes using: 1) all 135 characters, 2) only 

the 37 IEP characters, 3) only the 98 RNA characters, and 4) the 49 "more important" 

characters. 

 

Trees with external non-group II RTs 

Several non-group II RTs were aligned to group II intron IEPs individually, including: 

AbiA, AbiK, AbiP2, DGR, retron, PLE, retroplasmid, RVT, TERT, G2L1-5 and unknowns 

1-16, which were collected from both Chapter II and other publications (sources are 

specified in Appendix D1) [14, 22, 26, 33, 237, 290]. To reduce the computational time, 
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only 67 group II RTs was used here as representatives (Appendix D1). Program 

HMMER was used to align non-group II sequences using a sequence profile named 

"RVT1" provided by Pfam (Pfam ID: PF00078), and the alignment was integrated with 

the group II IEP alignment followed by manual refinements. Individual trees were 

constructed for each type of non-group II RTs using RAxML with the LG model and 100 

bootstrap replicates. 

 

Results and Discussion 

This project used 661 group II introns and aimed to resolve a better relationship across 

classes using both the IEP and RNA data. This dataset was much larger compared to 

the previous study published in 2009 (Figure 26) [181], and included two new classes A 

and G and six unclassified introns (Appendix D1). In the following text, various analyses 

will be described, and trees will be compared with the 2009 study [181]. Although both 

maximum likelihood and Bayesian inference were initially planned to be used in 

constructing all trees, only the maximum likelihood method was used, while the 

Bayesian method was only used for a few analyses because it generally required a 

much larger amount of time and computational power. 

 

 

Figure 26. Increase of dataset used in this project compared with the 2009 study [181]. 
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Among the six unclassified introns included in this study, Hp.au.I3 was noticed to locate 

differently from the other five (see below). Therefore, in this chapter, unless otherwise 

specified, "unclassified" introns will be referring five unclassified introns (B.ce.I2, 

Hn.pr.I2, Ho.hb.I2, Su.tt.I2, U.a.I4), while Hp.au.I3 will be referred to directly by name. 

 

The ORF-based global phylogeny 

Three global trees based on the IEP sequences were constructed by RAxML using 

masks "global lenient", "medium" and "strict", which covered 285, 245 and 168 aa in 

length respectively (Table 4A). Most classes were monophyletic and supported 

(bootstrap >= 75%) in at least two trees, and all three trees showed nearly identical 

topology in terms of the relationships between classes, although without supports 

(Figure 27B, C). The two new classes, A and G, were both located close to B, ML and 

CL in all three trees. Five out of the six unclassified introns always scattered between C 

and F, and the only exception was Hp.au.I3, which was close to the cluster of A+B+ML. 

Overall, this arrangement agrees with a later phylogenetic tree using 1275 taxa as 

mentioned in Chapter III (Figure 18). 

It was initially expected that a larger dataset could resolve the relationship between 

classes. However, regardless of the consistent topology seen in all trees, no support 

could be observed for relationships between classes. When these trees were compared 

to the global IEP tree obtained in the 2009 study, which used the same global lenient 

IEP mask (Figure 27A) [181], topologies of the three new trees showed agreements by 

putting C and F together, B and ML together, and CL1 and CL2 together (Figure 27). But 

there was also a difference involving Class E, which was sometimes grouped with B and 

ML with a support in the 2009 study [181], while this time, such an arrangement was 

never observed in any of the new trees, which could suggest that the overall tree 

topology is more robust while using a larger dataset. In general, even without supports, 

all classes often fall into four larger groups: C+F+unclassified, D+E, A+B+ML+Hp.au.I3, 

and G+CL1+CL2 (Figure 27B, C). 
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Figure 27. Global IEP trees inferred by various data types and masks. 

Trees are simplified at the class or subclass level. Unclassified introns are drawn in blue except 
individual Hp.au.I3 that is in green. Supported nodes (posterior probability >= 0.95 for panel A or 
bootstrap >= 75% for B and C) are indicated by a red dot. Coloured shadings correspond to the 
trend as in the main text. A) Adapted global IEP tree from the 2009 study [181]. B) Global lenient 
and medium IEP trees, which are merged because they showed the same topology and only 
differed by the support level at clade CL2A, which is marked by a dot in faint red. C) Global strict 
IEP tree. Tree in A) was constructed by MrBayes and trees in B) and C) were constructed by 
RAxML. 

 

There were also a few differences involving supported clades between trees constructed 

in this project and in the 2009 study. The first concerned Class C, which used to be a 

supported clade in the 2009 study (Figure 27A). This time, all Class C introns together 

still formed one single clade but only had low support. Instead, it further contained two 

supported subclades, which are herein referred to C1 and C2, corresponding to the 

earlier and later branched clades respectively (Figure 27B, C). However, this was not 
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considered a major difference. The 2009 tree only contained one intron (D.p.I1) 

belonging to the C1 clade [181], but it was still the earliest branching intron of Class C. 

Judging from results obtained during the taxon sampling test in which Class C was 

supported again (see below), the lack of support of Class C in the three global IEP trees 

should not affect the current classification, and thus both C1 and C2 subclades will still 

be classified as Class C instead of being reassigned to different classes. 

Similar to the situation of Class C, the four subclades of CL1 and CL2 (CL1A, CL1B, 

CL2A, CL2B) used to be supported in the 2009 study, but this time, only CL1A was 

supported in all three IEP trees (Figure 27B, C). Like the decision for Class C, the lack of 

support for some CL subclades was considered minor because all four clades were 

always monophyletic and showed similar arrangements as seen in 2009, in which CL1B 

was always the earliest branching clade. 

The next difference concerned Class F, which was never supported in any of the three 

IEP trees, and some F taxa were even observed being mixed with other introns from 

Class C or unclassified individuals in the global strict IEP tree (Figure 27C). Similar 

situations were observed among many IEP trees constructed in the 2009 study [181], as 

well as trees constructed before this project using different datasets, indicating Class F 

is less robust compared to other classes regardless of the size of dataset. However, 

Class F was still believed to be one class, not only because all Class F introns were 

often placed into one clade while using larger masks (lenient and medium) (Figure 27B), 

but also because their similarities in the RNA structure. Furthermore, this was supported 

by the later taxon sampling test (see "taxon sampling" section). 

Across the three global IEP masks, the lenient and medium masks differed by ~40 aa 

characters (Table 4A) and resulted in almost identical topologies, except that the 

subclade CL2A was supported using the lenient mask, but lacked support using the 

medium (Figure 27B). The strict tree differed from the lenient mask by ~120 aa 

characters (Table 4A) and resulted in weaker supports in general, but still showed a 

similar topology compared to the other two masks, except for the polyphyletic situation of 

Class F as stated above. 

To evaluate whether the mask size would affect the tree, it was compared to the 

resolution of each tree, which was used as a measure of tree confidence. The resolution 

of tree was calculated using the number of supported nodes divided by the total number 
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of nodes. As shown in Figure 28, the general trend is that larger masks usually result 

trees in a higher resolution. In addition, because the three trees showed no significant 

disagreements in the relationships between classes and because the most stringent 

mask (global strict) was suspected to cause problematic arrangements (e.g. class F), 

only the global lenient IEP mask was used in most of the following analyses. 

 

 

Figure 28. Percentage of supported nodes and mask size of global trees. 

The first y-axis (left) corresponds to the percentage of supported nodes (bootstrap >= 75%) for 
each global tree. The second y-axis (right) corresponds to the mask size, and the unit is aa for 
IEP trees and nt for RNA and RNA-STR trees. 

 

The RNA-based global phylogeny 

Two global trees based on the RNA sequences were constructed by RAxML using 

masks "global lenient" and "global strict", which covered 206 and 170 nt in length 

respectively (Table 4A). Because the group II ribozyme is known to be more conserved 

in structure than in sequence, the paired-site model RNA7A [285] designed for 

structured RNA molecules was tested in addition to the best-fit GTR model estimated by 

ModelTest [286, 287]. Both the RNA7A and GTR models were applied onto the same 

set of RNA alignments. To differentiate trees resulting from the two models, the term 

"RNA-STR" is used specifically for trees being constructed using the RNA7A model. 

In the RNA trees, most classes lacked support but still remained in one clade, and only 

Classes A, B and D sometimes showed a support (Figure 29B-E). Two classes, F and 

G, more often appeared polyphyletic (Figure 29C, D, E), resembling that Class F was 

also polyphyletic as seen in trees resulted from the 2009 study (Figure 29A) [181]. Since 

Class F belonged to one clade using the global lenient RNA mask (Figure 29B, D), the 
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number of characters could have affected the tree topology. However, this contradicted 

the result for Class G, which appeared polyphyletic while using the larger global lenient 

mask under the RNA7A model (Figure 29D). Although with the same lenient mask but 

under the GTR model Class G appeared monophyletic, the model of choice may not 

have a major effect on the tree topology as no effect was seen for Class F between 

different models. Both Classes F and G are less robust than other classes in the RNA-

based phylogeny, but should still be solid classes according to the taxon sampling tests 

(later section). 

Unlike the global IEP-based trees, more disagreements were observed among the four 

global RNA trees. The most obvious disagreement was that Class A was internal to ML 

three times (Figure 29B, C, E). However, because there was still one tree that did not 

show such an arrangement, and Class A was always independent from ML in all taxon 

sampled trees (see "taxon sampling" section), this placement of Class A being internal to 

ML was suspicious and unconvincing. The second involved Class D, which was placed 

in multiple locations within the cluster of Classes A, B, G, ML and CL (Figure 29B-E). 

Similarly, Class D showed different locations in both taxon sampled trees and 

morphological trees (see later sections). If based on the overall trend observed in 

multiple trees constructed in this study, Class D was most frequently placed between 

two clusters, C+E+F and A+B+G+ML+CL, but never with firm statistical support. 

Regardless of more inconsistency was observed in the RNA trees, all classes generally 

form three large groups: C+F+E+unclassified, D+A+ML+G+Hp.au.I3 and B+CL1+CL2 

(Figure 29B-E). 

In comparison the topology obtained in 2009 [181], Class F was most different as it was 

grouped with B and ML in the 2009 study (Figure 29A) but was grouped in all four trees 

with C and E this time (Figure 29B-E). Indeed, Class F has never been placed close to 

either B or ML in trees inferred with a larger dataset after the 2009 study, suggesting that 

the data size could be the reason causing this topological difference for Class F. 

Possibly for the same reason, the location of the cluster of CL1+CL2 was also different 

between the 2009 study and new trees constructed this time (Figure 29). In addition, the 

current arrangement of CL1+CL2 has been continuously observed in trees constructed 

between the 2009 study and this study. 
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Figure 29. Global RNA trees inferred by various data types and masks. 

Trees are simplified at the class or subclass level. Unclassified introns are drawn in blue except 
individual Hp.au.I3 that is in green. Nodes with a support (posterior probability >= 0.95 for panel A 
or bootstrap >= 75% for panel B-E) are indicated by a red dot. Coloured shadings correspond to 
the trend as in the main text. A) Adapted global RNA tree from the 2009 study [181]. B and C) 
Global lenient and strict RNA trees. D and E) Global lenient and strict RNA-STR trees. Tree in A) 
was constructed by MrBayes and trees in B-E) were constructed by RAxML.  
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Due to the small number of alignable characters (206 nt), it was anticipated that the 

RNA-based trees would suffer from low resolution, which was reflected by a ~20% 

decrease in resolution compared to the IEP-based trees (Figure 28). The RNA7A model 

seemed not to result in significant differences compared to the GTR model in terms of 

either the overall topology or the resulting resolution, even though trees constructed 

under the RNA7A model had lower resolution on average (Figure 28). Also because the 

GTR model is available in almost all programs designed for phylogenetic analyses, but 

the RNA7A model is only available in limited programs, the lenient RNA mask together 

with the GTR model were mainly used in following analyses. 

 

Differences between IEP- and RNA-based topologies 

As described in previous sections, the IEP- and RNA-based phylogenies both showed 

an overall similar trend in the relationships among classes, consistent with the 

hypothesis that group II intron IEP and RNA have coevolved. However, there were 

several disagreements for specific subsets of classes. First, in the IEP phylogeny, 

classes CL1 and CL2 each split into two supported subclades (CL1A, CL1B, CL2A, 

CL2B) while CL2 was internal to CL1 (Figure 27). The four subclades showed multiple 

arrangements, but CL1B was always the earliest branching clade compared to the 

others (Figure 27). In contrast, in the RNA phylogeny, although members belonging to 

the same subclade were usually closely related, no subclades could be identified (Figure 

29). Moreover, CL1 and CL2 were independent of each other, appearing as sister clades 

(Figure 29). These differences were also observed in the 2009 study [181], indicating the 

enlarged dataset did not contribute to resolve the relationship between the two CL 

classes. Whether CL1 and CL2 have non-coevolving histories between their IEP and 

RNA remains unclear. Because CL1 and CL2 generally are more similar, this question 

was further investigated by constructing CL-specific trees (see next section). 

Similar to the CL subclades, the C1 and C2 subclades from Class C could be observed 

in the IEP-based phylogeny but not in the RNA-based phylogeny (Figure 27, Figure 29). 

Although members of the early branching clade C1 were mostly found close to each 

other in the RNA-based trees, they did not form one single clade and they were not 

always the earliest branching taxa. However, this might be caused by the divergent 

sequences of Class C ribozymes as the data size increases, because the later taxon 

sampled trees showed supported C1 and C2 subclades using the RNA sequence with 
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smaller datasets (taxon sampling section). 

The next disagreement involved the closest relative of the CL1+CL2 clade, which was 

Class G in the IEP-based tree but Class B in the RNA-based tree, even though without 

support (Figure 27, Figure 29, Figure 30). This situation correlated with the unclassified 

intron Hp.au.I3 and its closest relative. Hp.au.I3 was always within the cluster of 

A+B+ML in the IEP-based trees, but was always grouped with Class G in the RNA-

based trees and sometimes even with support (Figure 27, Figure 29, Figure 30). 

Moreover, it was indeed noticed that the RNA sequence of Hp.au.I3 can be aligned well 

with other Class G introns, although its IEP sequence always appeared to be 

unclassified. Because almost all Class B introns are from Firmicutes while almost all 

Class G introns are from Actinobacteria and Proteobacteria (no Class G introns are from 

Firmicutes and no Class B introns are from Actinobacteria and Proteobacteria either), it 

would be less likely for these two classes to undergo convergent evolution judging from 

they have different cellular environments. Therefore, it would be more likely that there 

was a sequence swapping event of the IEP occurred between ancestors of these two 

classes, which resulted the two classes having switched locations in the IEP- and RNA-

based trees respectively (Figure 30). 

 

 

Figure 30. Simplified relationship between classes G and G and their neighbour classes. 

Topologies shown in this figure were derived from global IEP- and RNA-based trees using the 
lenient masks. Trees are only intended to illustrate the relationship between classes and are not 
drawn to scale. If both trees reflect the actual evolutionary history, it was likely that an IEP 
swapping event was occurred between ancestors of Classes B and G, resulting their switched 
locations in the IEP- and RNA-based trees. 
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The last difference concerned Class D, which often remained between the two clusters 

of classes C+F+E and A+B+G+ML+CL. However, it was more often observed that Class 

D was grouped with the former cluster in the IEP-based trees, and with the latter cluster 

in the RNA-based trees (Figure 27, Figure 29). As sometimes a support could be 

observed (in taxon sampled trees), this may indicate the RNA and IEP of class D introns 

generally were coevolving, but could have a different evolutionary rate that resulted in 

different groupings when these are based on different types of data. 

 

Class-specific trees 

As the global trees included all 661 introns from 10 different classes, many areas of both 

the IEP and RNA alignments that do not have sequence or structural similarity had to be 

excluded, even though they may be conserved within specific classes. Therefore, class-

specific trees were expected to be able to provide a higher resolution, as class-specific 

sequence alignments should include more alignable characters. In this project, class-

specific trees were constructed for all 10 classes using both the IEP and RNA data, and 

also multiple class-specific sequence masks (Table 4B). 

Class-specific masks included 100-200 more aa than global masks (Table 4B). Among 

masks for the same class, a higher resolution was usually obtained while using a larger 

mask (Figure 31, Figure 32), which was consistent with the trend seen from global 

masks (Figure 28). All trees at the class level, including both individually constructed 

class-specific trees and subtrees extracted from global trees, were then subjected to 

pairwise tree comparisons performed manually (see later "topology test" section), which 

only compared supported clades and showed no significant differences between the 

IEP- and RNA-based trees. Therefore, these class-specific trees were concluded to be 

more accurate in representing the relationship between individuals of each class, while 

the class-specific lenient IEP and RNA trees were determined to be the best tree within 

each class. 
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Figure 31. Percentage of supported nodes and mask size of IEP-based trees at the class level. 

The first y-axis (left) corresponds to the percentage of supported nodes (bootstrap >= 75%) for each IEP-based tree. Trees are either extracted 
from global trees or individual class-specific trees. Note that "global strict, class-specific" trees were constructed using the global strict IEP mask. 
The second y-axis (right) corresponds to the mask size in a unit of aa. 
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Figure 32. Percentage of supported nodes and mask size of RNA- and RNA-STR-based trees at the class level. 

The first y-axis (left) corresponds to the percentage of supported nodes (bootstrap >= 75%) for each IEP-based tree. Trees are either extracted 
from global trees or individual class-specific trees. Note that "global strict, class-tree" was a class-specific tree constructed using the global strict 
IEP mask. The second y-axis (right) corresponds to the mask size in a unit of aa. Note that Class D does not have a class-specific strict RNA 
mask because RNA sequences of this class are highly alignable. A) Trees of the RNA set. B) Trees of the RNA-STR set. 

 

A 

 

B 
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Next, to compare whether the tree topology could be affected by using the same mask 

but different sets of taxa, the global strict IEP mask (168 aa) was used as a test mask. 

For each class, a class-specific tree was constructed using this mask and then 

compared with the global IEP tree using the same mask. Overall, both trees showed 

similar resolutions for all classes (Figure 31, light blue and yellow bars), and their 

topologies did not reveal any disagreements either (see later "topology test" section), 

which indicated that the addition of extra taxa (e.g. introns from other classes) would not 

affect the tree when the same mask is used. 

Since class-specific trees have been concluded to be the most accurate, the issue 

involving a disagreement in topology between CL1 and CL2 as mentioned in the above 

section could be investigated by constructing CL-specific trees. IEP and RNA alignments 

including only CL1 and CL2 introns were created and CL-specific masks were created 

(not shown), which had an increase of ~110 aa and ~100 nt compared to the global 

lenient masks. The resulting CL-specific tree using the IEP data was very similar to the 

global tree. The only difference was that CL1B was not monophyletic (figure not shown). 

In contrast, the CL-specific RNA tree was different from the global lenient RNA tree but 

agreed with the IEP-based topology (figure not shown). Instead of being sister clades as 

seen in the global RNA tree, CL2 was internal to CL1 in the CL-specific RNA tree, 

although without a support (figure not shown). However, none of the four subclades 

could be identified in the CL-specific RNA tree, although members from the same 

subclade tended to be closely related, and all members from CL1B were branching the 

earliest, consistent to the observation as of the global IEP tree. 

In conclusion, the CL-specific trees agreed more with each other as well as with the 

global IEP-based topology, indicating that the IEP and RNA of the two CL classes 

coevolved. Therefore, disagreements observed between global trees were likely due to 

the limited number of characters of global masks. However, the approach of using class-

specific trees could not be applied to resolve other disagreements observed in the 

previous section, because other classes (B, D and G) do not share more characters 

compared while being aligned together to the global masks. 
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Factors that may affect tree topologies 

Taxon sampling 

Since the 2009 study reported that the trees are sensitive to taxon sampling, in which 

similar sets of taxa may result in different topologies, this was also investigated in this 

study. Four subsets of introns were evenly sampled along the global lenient IEP tree 

from each supported clades. Each contained approximately 140 taxa, which included 

~20% taxa from each class. All six unclassified introns were included in all four subsets 

(Appendix D1). 

Taxon sampled trees were inferred by both RAxML and MrBayes using the global lenient 

masks. Although both programs generated nearly identical topologies, trees inferred by 

MrBayes showed a larger number of supported nodes. Using the IEP data, all four 

subsets showed consistent topologies among themselves and only had minor 

disagreements involving the branching pattern of ML, and the relationship between 

subclades CL1A, CL2A and CL2B (Figure 33A). The overall topology of these sampled 

IEP trees was consistent with the global IEP trees. Supports could be observed for all 

classes, including Classes C and F that were unsupported in global IEP trees (Figure 

33A), indicating that Classes C and F are both monophyletic and solid classes, even 

they lacked support in global IEP trees. 

More surprisingly, IEP-based trees inferred by MrBayes even had supports beyond 

many classes, including D+E, G+CL, A+B+ML and some larger clusters (Figure 33A). 

Even though the 2009 study also used the Bayesian method to infer trees, supports 

beyond classes were never observed. Because taxon sampled trees inferred this time 

used the same IEP mask as used in 2009, the use of a large dataset was thus believed 

to be the main reason of obtaining resolutions beyond classes. 

In addition, the 2009 study had a lot of repeating taxa in different subsets due to the 

small dataset [181], which might cause an artificial bias. But this time, all four subsets 

had mostly unique taxa (Appendix D1), and thus should equally represent the entire 

population. Altogether, as no major differences were observed across the four subsets, 

the sensitivity to taxon sampling could thus be eliminated by using a larger dataset, and 

these trees also provided more evidence of the relationship beyond classes. 
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Figure 33. Consensus trees of four taxon sampled subsets. 

Four subsets of group II introns were used to test the sensitivity to taxon sampling. Each subset 
consisted ~20% of introns from each class plus all six unclassified individuals. Trees were 
constructed by both RAxML and MrBayes. All four subsets showed similar topologies and were 
summarised onto one consensus tree using: A) the global lenient IEP mask, B) the global lenient 
RNA mask, and C) the alt-RNA mask. Supported clades (posterior probability >= 0.95) are 
indicated by coloured dots. while pink, orange, blue and green correspond to subsets 1-4 
respectively, purple indicates a node was supported in all four trees. Because Bayesian trees had 
more supports including those between classes, this figure only plots supported nodes observed 
from Bayesian trees. Unclassified individuals are drawn in blue except Hp.au.I3 is in green. 
Alternative common arrangements are circled by dashed grey lines. Shadings in different colours 
correspond to the trend as described in the main text. 

 

In the 2009 study, the effect of taxon sampling was only tested using the IEP sequences. 

Because the larger dataset seemed not to be sensitive to taxon sampling using the IEP 

data, the RNA-based taxon sampling tests were also performed. In addition to the global 

lenient RNA mask, another mask, named "alt-RNA", which covered the same areas as 



89 
 

used previously in 2009 (Figure 25) [181] was also included in order to compare whether 

the different RNA masks used in the two projects could affect the tree topology. The alt-

RNA mask covered 138 nt (Table 4) and was created mainly based on the sequence 

similarity, while the global lenient RNA mask covered 206 nt (Table 4) and considered 

homologies in both sequence and secondary structure. Some crucial interactions, such 

as the α-α' and EBS1-IBS1 interactions (Figure 25A) were not included previously due to 

the lack of sequence similarity, but were included this time as structurally conserved 

motifs. In contrast, the ε' motif (Figure 25A) was included in the 2009 study but not this 

time because their secondary structures vary among classes. 

Trees using these two RNA masks did not reveal significant disagreements (Figure 33B, 

C). In general, these sampled RNA trees showed more supports at the class level, as 

was seen from the sampled IEP trees. However, similar to global RNA trees, Classes F 

and G were still unstable compared to other classes and sometimes were polyphyletic 

(Figure 33B, C). Unlike sampled IEP trees, however, supports beyond classes were 

rarely observed, and the only support was observed to separate the two clusters of 

C+E+F+unclassified and A+B+D+G+ML+CL (Figure 33B, C). This agreed with the trend 

seen in global RNA trees by grouping class D together with A, B, D, G, ML and CL, 

although the relationship between these classes were often unclear. However, Class A 

was never seen internal to ML (Figure 33B, C), implying the earlier observation in the 

global RNA trees (Figure 29B, C, E) was possibly untrue. On the other hand, the cluster 

of B+CL was supported in all four trees using the alt-RNA mask (Figure 33C), while the 

same arrangement was observed in the global RNA trees but was supported (Figure 

29B, C, E). 

Different from all global RNA trees, Class C split into subclades C1 and C2 with a 

support, while C1 was still the earliest branching clade (Figure 33B, C). Class C as a 

whole was supported in all four trees, indicating the disagreement observed in global 

RNA trees involving Class C could be due to the poor resolution, and both the IEP and 

RNA of Class C were concluded to be coevolving. 

In conclusion, with the larger dataset, trees were not sensitive to taxon sampling for 

either the IEP or RNA datasets. Taxon sampled trees generally agreed with global trees, 

and some supports between classes were observed through Bayesian inference 

especially for the IEP dataset. It could be expected that Bayesian trees involving all 661 

taxa may still yield supports beyond classes, but to construct such trees seemed less 
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feasible as it would require huge amount of computational time and resource (of note, 

preliminary tests have shown to estimate a Bayesian tree for Class C only would take 

more than two months). Although the two different RNA masks did not show conflicting 

topologies, the resolution of RNA-based trees was not improved as much as IEP-based 

trees, and the lack of alignable characters was the main issue for the RNA dataset. 

 

GC content biased sampling 

Base composition heterogeneity was another factor that could affect the tree topology as 

suggested in the 2009 study, in which unrelated taxa could be brought together during 

phylogenetic inference if they share a similar base composition. Base composition 

heterogeneity is often reflected by the GC content. A wide range of GC content for the 

IEP, from 26 to 68%, was observed across all 661 introns used in this project (Figure 

34A). Therefore, to investigate whether the tree is sensitive to base composition 

heterogeneity with the larger dataset, a total of 196 introns with a similar GC content (43-

52% inclusive, Figure 34A) was selected as an "GC unbiased" subset (Appendix D1), 

and both IEP- and RNA-based trees were constructed. Since Class G generally have 

higher GC content, only one intron (Al.fi.I1) was included in this subset. To test whether 

Class G was still monophyletic, four additional Class G introns were appended into the 

GC unbiased subset. One of the four has a 58% GC while the others have 62% GC. 

However, this did not affect the location of Class G in both IEP- and RNA-based trees, 

and the five Class G introns were always monophyletic with a support (data not shown). 

The IEP-based tree using the GC unbiased subset showed most classes being 

consistent with the result from the global IEP tree, but the most obvious difference was 

Class A being placed between C and F instead of its most common position near ML 

(Figure 35A). When being tested using the other two masks (medium, strict), the same 

arrangement was still observed (data not shown), which confirmed the location of Class 

A was likely affected due to the GC unbiased dataset. In contrast, the RNA-based trees 

were generally consistent to the global RNA trees, although there were still a few 

differences (Figure 35B, C). While using the global lenient RNA mask, only Class B was 

located differently as it was not grouped with CL1 and CL2, although still close to them 

(Figure 35B); when using the alt-RNA mask, three differences were observed, including 

that Class F was internal to E, Class B was placed between CL1 and CL2, and Class D 
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was internal to the cluster of A+G+ML (Figure 35C). 

 

Figure 34. The GC-content based subset. 

A) Counts of introns of various GC contents of the IEP. Red bars correspond to the range 
included in the GC-content based subset. B) The distribution of introns included in the GC-
content based subset (red), which also corresponds to red bars in A), mapped onto the global 
lenient IEP tree. Classes with a >= 75% bootstrap support are indicated by a red dot. Blue 
branches correspond to unclassified introns except Hp.au.I3 which is in green. 

  

A 

 

B 
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Figure 35. Trees constructed using taxa with similar GC contents. 

The GC-unbiased subset consisted 196 taxa with a GC content ranging from 43-52% and were 
constructed by RAxML using A) the global IEP lenient mask, B) the global RNA lenient mask, and 
C) the global alt-RNA mask. A red dot indicates a high bootstrap support (>= 75%). Shadings in 
different colours correspond to the trend as in main text. Note that only one Class G intron was 
involved and thus Class G was unable to be evaluated for the class-wide confidence. Blue line 
corresponds to intron UA.I4, which was the only unclassified intron within the selected range of 
GC content. 

 

Even though only Class A showed a difference while using the IEP data, it still seems 

that the GC content does affect the tree topology. To provide additional evidence, other 

GC unbiased samplings were created by including introns from different ranges of GC 

content (e.g. 10-20%, 20-30%, etc.). As a result, almost all these GC unbiased 

samplings showed unexpected topologies for both the IEP and RNA data, while between 

different subsets no consistent topologies could be observed either (data not shown). It 



93 
 

was clear that the base composition heterogeneity affects the tree topology, and there 

could be bias due to the GC content when the dataset is small and does not represent 

the whole population. Therefore, the more samples being included in the dataset, the 

closer the dataset could reflect the actual situation of all introns, and thus to diminish the 

sensitivity to the base composition heterogeneity. 

 

Topology tests to compare IEP and RNA evolution 

Observations so far implied the IEP and RNA were likely coevolving. In order to obtain a 

more formal evaluation, the Shimodaira-Hasegawa (SH) topology test was performed. In 

the 2009 study, the SH test between IEP- and RNA-based trees indicated there was 

likely a conflict between the IEP and RNA, even though it could not be identified [181]. 

This time, SH tests equivalent to that of the 2009 study were first performed to compare 

global trees, including all four sets of the taxon sampled trees constructed using the 

lenient IEP, the lenient RNA and the alt-RNA masks as described earlier. It showed the 

same results as the 2009 study, that the IEP- and RNA-based trees were conflicting and 

likely not coevolving (data not shown). 

Next, SH tests were used to compare class-specific trees, which had higher resolutions 

and were believed to be more accurate. All trees at the class level, including the class-

specific trees using different masks and subtrees extracted from the global trees using 

different masks, were compared. Between trees constructed from the same data type 

(IEP vs IEP, RNA vs RNA), the SH test usually passed (Table 5, Appendix D3). 

However, there were still exceptions, in which the strict IEP trees were rejected by the 

SH test when they were compared with other IEP trees. This was observed for most 

classes, including A, B, C, E, CL1, CL2 and ML. For all classes, the two global RNA 

trees (lenient and strict) were rejected by the SH test when they were compared with 

other RNA trees (Table 5, Appendix D3). While comparing trees constructed from 

different data types (IEP vs RNA), most SH tests rejected the null hypothesis, and 

usually resulted in a p-value being either 0 or close to 0 (Appendix D3). The only 

exceptions were Classes A and G, which showed more than half of the trees made from 

different data types passed the SH test (Table 5, Appendix D3). 
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Table 5. Results of SH tests for Class A. 

The SH test was performed by programs PAML and CONSEL between the same list of trees and 
various masks. The significance level was set to α=0.05. A plus sign "+" indicates values higher 
than the significance level (fail to reject the null hypothesis). Red shadings indicate the rejection 
occurred between trees and alignments of the same data type (IEP vs IEP, RNA vs RNA), and 
blue shadings indicate the rejection occurred between different data types (IEP vs RNA). Results 
of other classes are provided in Appendix D3. A) Before removing the suspected conflicting taxon 
Ge.sp.I3. B) After removing Ge.sp.I3. Note that global trees of 661 taxa were not reconstructed 
after removing Ge.sp.I3, and were thus not included in the second round of SH tests. 

 

 

  

Tree list class 

lenient

class 

strict

global 

strict, 

class tree

class 

lenient

class 

strict

class no 

gap

IEP class lenient 0.955+ 0.925+ 0.608+ 0.181+ 0.156+ 0.127+

IEP class strict 0.896+ 0.938+ 0.567+ 0.124+ 0.094+ 0.109+

IEP global lenient 0.518+ 0.430+ 0.450+ 0.029 0.025 0.021

IEP global medium 0.507+ 0.525+ 0.701+ 0.058+ 0.043 0.055+

IEP global strict 0.522+ 0.523+ 0.928+ 0.029 0.027 0.028

IEP global strict, class tree 0.017 0.013 0.905+ 0.02 0.018 0.02

RNA class lenient 0.185+ 0.260+ 0.045 0.996+ 0.998+ 0.992+

RNA class no gap 0.185+ 0.260+ 0.045 0.995+ 0.969+ 0.996+

RNA class strict 0.074+ 0.117+ 0.045 0.992+ 0.998+ 0.994+

RNA global lenient 0.002 0.002 0.009 0.155+ 0.097+ 0.090+

RNA global strict 0.0002 0.0002 0.004 0.003 0.003 0.004

RNA-STR class lenient 0.065+ 0.105+ 0.045 0.988+ 0.993+ 0.989+

RNA-STR class no gap 0.160+ 0.229+ 0.043 0.792+ 0.789+ 0.816+

RNA-STR class strict 0.055+ 0.084+ 0.043 0.792+ 0.790+ 0.816+

RNA-STR global lenient 0.003 0.003 0.006 0.253+ 0.193+ 0.181+

RNA-STR global strict 0.005 0.004 0.012 0.488+ 0.369+ 0.324+

B. After removing Ge.sp.I3

IEP class lenient 0.924+ 0.919+ 0.665+ 0.057+ 0.049 0.042

IEP class strict 0.786+ 0.804+ 0.299+ 0.056+ 0.047 0.041

IEP global strict, class tree 0.488+ 0.544+ 0.939+ 0.047 0.045 0.041

RNA class lenient 0.025 0.055+ 0.035 0.985+ 0.973+ 0.974+

RNA class no gap 0.025 0.055+ 0.035 0.968+ 0.976+ 0.987+

RNA class strict 0.025 0.055+ 0.035 0.988+ 0.968+ 0.958+

RNA-STR class lenient 0.149+ 0.189+ 0.150+ 0.516+ 0.470+ 0.485+

RNA-STR class no gap 0.019 0.04 0.033 0.622+ 0.623+ 0.671+

RNA-STR class strict 0.019 0.04 0.033 0.622+ 0.623+ 0.671+

IEP alignment RNA alignment

A. Before removing Ge.sp.I3
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The results of SH tests obtained so far, were intriguing to interpret. It could be 

reasonable that the IEP- and RNA-based trees were rejected by the SH test because 

they were not coevolving. Trees constructed using the same type of data (e.g. all IEP-

based trees) would be expected to have similar topologies and should always pass the 

SH test, because they were constructed using the same sequence alignment, even 

though with various masks. It was generally true that most trees made from the same 

data type passed the SH test, but there were exceptions as stated above. 

Therefore, Class A was used as an example to investigate conflicts indicated by the SH 

test. This was not only because Class A is a relatively small class containing 25 taxa in 

the dataset, but also because both its IEP and RNA sequences are conserved and can 

be aligned without ambiguity. The Class A specific lenient masks for IEP and RNA had 

502 aa and 673 nt in length, which were 217 aa and 467 nt longer than the respective 

global lenient masks (Table 4).  

Between various IEP and RNA trees for Class A, the best trees (class lenient IEP and 

class lenient RNA) passed the SH test (Table 5A). A visual topologic comparison that 

examined the locations of all taxa, the two trees were indeed consistent in the tree 

topology (Figure 36A). But other IEP and RNA trees did not always pass the test, even 

though the tree topologies did not appear inconsistent (Figure 36B, C). Interestingly, if 

strictly relying on the bootstrap support, some trees that passed the SH test could even 

contain conflicting nodes, in which each was supported but contained different sets of 

taxa (Figure 36A, B, green sector). In contrast, some trees that were rejected by the SH 

test contained no conflicting nodes at all (Figure 36C, green and pink sectors). Finally, 

through the manual tree comparison, it could be seen that even when two IEP trees 

were rejected by the SH test, the observed topological differences could still be 

considered minor as only a small local area of the entire tree was involved (Figure 36D, 

yellow sector). 
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(Figure caption on the next page.)  
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Figure 36. Selected examples of tree comparisons for Class A. 

Each panel compares two trees, and the name is given below each tree. Red dots indicate 
supported nodes with a bootstrap value >= 75%. Four coloured sectors (green, yellow, pink, blue) 
correspond to four major clades within Class A. Coloured branches and intron names 
corresponded to topologic differences between the two trees while the node support was not 
taken into account. Note that the node containing E.c.I4, S.f.I1 and Eb.cl.I3 in the blue sector is 
simplified in this figure. It actually contains eight taxa in total, and all taxa share identical 
sequences for both IEP and RNA. Trees are not drawn to scale. A, B) The SH test failed to reject 
the null hypothesis; C, D) The SH test rejected the null hypothesis. 

 

As illustrated in Figure 36D, the manual comparison showed two introns, Ge.sp.I3 and 

Pn.du.I1, have different arrangements between the strict class A IEP tree and the class 

A IEP tree using the global strict IEP mask, and both could potentially cause the conflict 

between the two trees. However, because Pn.du.I1 in both trees only differed by the 

bifurcating pattern with its closest relative Bu.te.I1, this was considered as minor. In 

contrast, Ge.sp.I3 was placed at different locations that also affected its closest relatives, 

this intron was considered to be more likely to cause the conflict. Therefore, Ge.sp.I3 

was removed and new sets of Class A trees were constructed. This time, all trees 

constructed using the same data type passed the SH test, but over half the comparisons 

between IEP and RNA trees were still rejected (Table 5B). Nonetheless, manual tree 

comparisons across these new trees did not reveal significant differences between 

conflicting IEP and RNA trees, only minor disagreements resembling examples in Figure 

36. 

Among rejected trees constructed from the same data type, the strict mask was always 

involved (Appendix D3), implying strict constraints in sequence alignment, which 

retained only the most highly conserved characters, could result in a different topology 

that may not reflect the actual evolution, and could cause the SH test to reject the null 

hypothesis. Group II introns are known to have a large sequence divergence especially 

of the RNA ribozyme. As seen in the RNA-based trees, the same set of taxa may show 

various arrangements in different trees but none was supported. Therefore, it may not be 

suitable to evaluate such trees using standard topology tests, which are likely to be 

rejected due to unsupported and minor disagreements. 

To investigate whether this situation, in which only small clades being affected while the 

overall topology remained consistent, was common in other classes, manual 

comparisons were done across all trees for all classes. However, the result was similar 

to what was observed for Class A and only included minor disagreements that were less 
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possible to be considered as conflicts (data of minor disagreements not shown). Of all 

classes, only two sets of introns from Class C were suspected to be potential conflicts, 

because they were more often observed and affected a rather large area in the Class C 

trees (Figure 37). Nonetheless, the affected area only takes up a small part out of the 

entire Class C tree, and thus disagreements caused by these introns may be still 

considered as minor. In conclusion, the manual tree comparisons indicated that the IEP 

and RNA trees were consistent, and the IEP and RNA of most (if not all) introns 

coevolved. 

 

 

Figure 37. Potential topological conflicts between IEP and RNA trees for Class C. 

Simplified consensus trees are drawn based on all trees constructed using the same data type 
(IEP and RNA), and only include a small local area where potential conflicts were observed. Red 
or orange dots are placed at nodes with a >= 75% bootstrap support, and red dots indicate a 
node is always supported in all trees of the same type, orange dots indicate the node is only 
supported in some trees of the same type. Affected introns are colour coded. Unlabelled 
branches in black represent unaffected introns, and the number of branches does not correspond 
to that of introns actually being omitted. Trees are not drawn to scale. 

 

Morphology based topology 

All trees inferred so far in this project only used models for nucleotide or amino acid 

sequences. However, large portions of both the IEP and RNA alignments were excluded 

from analysis due to the lack of sequence or structure similarity. This especially affected 

the character size used for the RNA-based phylogeny. A normal group II intron RNA 
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(excluding DIV and the IEP) is 800-1000 bp in length on average, but even the longest 

lenient global mask could only cover 206 nt (Table 4), which was merely a quarter of a 

normal full-length intron RNA. The lack of characters was believed to be the main reason 

causing a low resolution for all RNA-based trees. Regardless, these dismissed areas still 

have morphologic information, such as the length, the presence of a secondary structure 

or tertiary interaction, which can be used in phylogenetic analysis. 

To recover such dismissed "morphological" information, both the IEP and RNA were 

examined while treating each class as one taxon and 135 morphological characters 

were collected. Thirty-seven (37) characters were from the IEP data based on the length 

and pairwise HMMER comparison, and 98 characters were from the RNA data based on 

structural features (Methods, Appendix D2). Using binary and morphological models 

available in MrBayes, four morphologic trees were constructed using characters from 

either or both IEP and RNA sources, or a subset being considered of "more importance" 

(Figure 38, Appendix D2, Methods). 

Of the four morphologic trees, three showed similar topologies agreeing with the trend 

observed from global trees (Figure 38A, C, D), and the exception was the IEP-only tree. 

Of the three trees, supports were sometimes observed for clusters of C+B.ce.I2 

(unclassified intron), C+unclassified, E+F+C+unclassified, and that D was separated 

from other classes (Figure 38A, C, D). The clade of CL1+CL2 was always supported 

even in the IEP-only tree, but the relationship between CL1 and CL2, which differed 

between the global IEP- and RNA-based phylogenies, could not be resolved because 

each class was treated here as one single taxon. The relationships between CL1+CL2 

and B or G also remained unclear. In contrast, Class D was grouped with C+E+F while 

using all 135 characters but was separated from them if only using the RNA data, 

agreeing with the trend observed from global trees. 

In contrast, the IEP-only tree was very different from the tree from the global IEP tree 

(Figure 38B). This was not surprising as the set of 37 characters was small and may not 

be enough to infer an accurate evolutionary pathway. Although the set of 49 "more 

important" characters was not of a high number either, they were specifically selected 

characters that corresponding to essential interactions or motifs, and thus were more 

informative. Thus, the IEP-only tree (Figure 38B) was not further considered, while other 

morphological trees can provide additional support to the unsupported relationship 

between classes. 
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Figure 38. Morphological tree of group II introns. 

Morphological data were extracted from both IEP and RNA at the basis of class. Four trees were 
constructed by MrBayes using A) all 135 characters from both IEP and RNA, B) only the 37 IEP 
characters, C) only the 98 RNA characters, and D) a subset of 49 characters that were 
considered being more important. Red dots indicate highly supported nodes (posterior probability 
>= 0.95). Blue lines indicate unclassified introns except Hp.au.I3 that is in green. Shadings in 
different colours correspond to the trend as proposed in main text. The complete information of all 
characters is available in Appendix D2. 

 

Although it would be ideal to examine each individual intron, this is less feasible 

considering the amount of manual work. Possible improvements could be done next by 

including more representative sequences, such as at a basis of each subclade, for each 

class instead of treating one class as a single taxon. In addition, while using multiple 

sequences, it would also be possible to combine these morphological data together with 

regular sequence data. 
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Relationship with other RTs and the tentative origin of group II introns 

Since the overall relationship between classes was usually consistent across multiple 

trees constructed in this project, the last analysis was to find the origin of group II 

introns. Group II introns have been hypothesized to be the ancestor of eukaryotic RT-

containing elements such as non-LTR retrotransposons [58, 32], and thus the possible 

origin of group II introns could be predicted by rooting with other types of RTs. By taking 

advantage of sequence alignments prepared in Chapter II and other published literature, 

31 types of non-group II RTs were used as external groups (Appendix D1). Initially, all 

external sequences were combined into one alignment with group II introns, but a 

preliminary NJ tree showed an extreme poor resolution while many members from 

different classes appeared to be mixed up (not provided). Therefore, each external RT 

group was individually aligned with group II introns with a specific mask in order to obtain 

a better tree resolution. 

In order to reduce computational time, only a subset of 67 group II intron representatives 

were used together with each external type (Appendix D1). A tree including the 67 

introns was first constructed, and showed consistent topology compared to the global 

IEP tree (Figure 39). Because a lack of alignable characters is common between group 

II and other types of RTs, ambiguity was expected and the relationship between group II 

introns and each non-group II RT class was approximately mapped onto this tree of 67 

taxa (Figure 39). Over half (18 of 31) the external types, including non-LTRs, were most 

closely related to either Class C or the cluster of C+F+unclassified. These are more 

probably to be the earliest group II intron classes, which was also consistent with 

previous findings [264]. Meanwhile, the relationship between group II introns and some 

newly identified types, such as the unknown groups, were also estimated. 

Although Classes C, F and unclassified introns could all be possible origins, Class C 

was expected to be the most probable if group II introns evolved parsimoniously. Class 

C introns have the smallest RNA ribozyme. While rooting group II introns at Class C, 

CL1+CL2 will be the newest branching classes. Introns of both CL1 and CL2 have the 

largest RNA on average, indicating the earliest form of intron RNA could be small, and 

gradually gained more structural features during evolution as a result of functional 

constraints or through recombination events. Accordingly, the IIB RNA structure 

(Classes B, D, E, F, G, CL1, CL2) possibly evolved directly from IIC (Class C); and IIA or 

IIA-like RNA structure (Class A, ML) originated from IIB, as could be seen that Class 
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tended to be close with ML in most trees inferred in this project. 

 

 

Figure 39. Relations between group II introns and external RTs. 

Trees containing both group II introns and external RTs were constructed individually for each 
external group, and locations of external RTs are mapped onto the representative group II IEP 
phylogeny inferred using 67 introns. Nearby locations were combined. Numbers in parentheses 
indicate the number of amino acids used during tree inference. Red dot on tree indicate a highly 
supported (bootstrap >= 75%) clade at the class or subclass levels. 

 

This parsimonious scenario also agrees with the IEP domain composition. As the only 

classes that contain an EN domain are B, CL1, CL2 and ML, which are less related to 

the tentative root of Class C. Therefore, the earliest form of the IEP (Class C) probably 

did not contain the EN domain, which was gained later by classes evolved later. Based 

on the sequence, it was also noticed the EN domain of CL1 and CL2 is less similar to 

that of Class B and ML, indicating the process of gaining the EN domain occurred 

independently in different classes. 
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Conclusion 

This project aimed to illustrate the relationship between classes of group II introns and to 

depict their evolutionary histories using a large dataset. Similar to the previous study in 

2009 [181], phylogenetic trees were inferred using both the IEP and RNA sequences. 

Multiple sequence masks were compared, and the larger masks tended to produce trees 

with higher resolution but overall there were minimal differences between various masks. 

Generally, both the IEP- and RNA-based trees showed similar topologies, even though 

the RNA trees were less robust, probably due to the lack of informative characters. 

However, a few disagreements at the class level were observed while comparing the 

IEP and RNA trees: the disagreement involving CL1, CL2 and their subclasses were 

solved by CL-specific trees; the disagreement involving Classes B and G was rather of 

interest as it could indicate a swapping of the IEP gene; while other disagreements 

remained unsupported, even though they have been observed in multiple trees. 

As mentioned previously in the 2009 study [181], trees of group II introns seemed to be 

sensitive to taxon sampling and base composition heterogeneity. Neither of the IEP- and 

RNA-based trees were sensitive to taxon sampling this time, possibly because the larger 

dataset enabled a more even selection for subsets of introns. In contrast, the base 

composition heterogeneity still seemed to affect the tree. The larger dataset, which was 

likely a better representation of the entire intron population in nature, could diminish this 

issue. 

Based on the topologies, the IEP and RNA have possibly coevolved. However, when 

trees were subjected to the more formal SH topology tests, almost all IEP trees were 

predicted to be conflicting with the RNA trees. However, through a more detailed 

examination using Class A as an example, it was eventually implied that trees of group II 

introns are not suitable for topology tests, as they are too divergent in sequence and are 

expected to frequently reveal alternative topologies. Although such alternatives are more 

often minor disagreements and would not affect the interpretation of the evolution of 

group II introns, they could cause the SH test to reject the null hypothesis. As a different 

attempt, trees were collapsed when node supports were less than 75%, however, even 

more of such collapsed trees were rejected by the SH test (data not shown). Therefore, 

the results of SH tests were dismissed, while all trees were then compared manually, 

which resulted the same conclusion that most introns (if not all) had their IEP and RNA 
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coevolved. 

Next, as an alternative approach to restore dismissed information in both of the IEP and 

RNA alignments due to the lack of sequence similarity, structural features were selected 

for each class and coded as morphological data, which was used to construct 

morphological trees. These trees generally agreed with the sequence-based topology. 

They can be used as additional evidence for the often observed yet unsupported 

relationships between classes. Finally, group II intron IEPs were aligned with other types 

of RTs in order to identify their origin. While both Classes C and F, together with 

unclassified introns, could be the origin, Class C had the highest probability if assuming 

a parsimonious evolutionary history. 

Overall, this project used a large dataset and constructed trees that showed agreeing 

topologies, although often without supports. In addition to repeating analyses done in the 

2009 study using a larger dataset, this project included new analyses, such as using 

various masks, constructing class-specific trees and morphological trees. To construct 

better morphological trees could be the next point. Criteria used to define and classify 

structural features need to be first refined, and ideally automated; next, more taxa could 

be introduced into the morphological dataset, and gradually integrated with the 

sequence-based data. 
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Chapter V. A manually curated comprehensive DGR compilation 

Abstract 

Diversity-generating retroelements (DGRs) are retroelements that function to diversify 

the protein sequence of their target genes (TGs). While the three DGRs from Bordetella 

phage, Treponema and Legionella have been well characterised experimentally and 

showed variations in both function and gene structure, more DGRs have been predicted 

from genomic data and have shown even more variation. To investigate the diversity of 

DGRs, this project compiled a set of 372 DGRs using an automated prediction and 

followed by manual curations through various analyses. The analysis showed this 

compilation not only included an expanded set of DGRs that are similar to that of the 

Bordetella phage, but also discovered a large number of novel DGRs from the CPR 

(candidate phylum radiation) group. Each component was systemically examined and all 

DGRs were classified based on either the variable region (VR), the domain composition 

of the TG, or the entire DGR cassette structure, which revealed a great diversity of 

DGRs in all these aspects. The classification defined two new accessory genes, MSL 

and CH1. Next, the TR-VR pair of each DGR was examined and showed it could be 

common for DGRs to introduce other substitutions aside from the canonical A-to-N 

substitution to expand the possibilities during TG diversification. In addition, the 

association of DGRs to phages was investigated, and revealed that both bacterial hosts 

and phage hosts are common for DGRs. Finally, most DGR components were noticed to 

have a correlation with the RT-based phylogenetic tree, indicating DGRs were more 

likely evolving as a single unit rather than having diverse histories for each component. 

This compilation provided a comprehensive list of DGRs that were manually curated and 

can be used as references to direct future DGR-related research. 
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Introduction 

DGRs are retroelements consisting of multiple gene components and have beneficial 

functions to the host. They are found mainly in phages, bacterial genomes and plasmids 

[19, 62, 161]. Different DGRs vary in their components and organisation, but they all 

have three essential components: a reverse transcriptase (RT), a template repeat (TR), 

and a target gene (TG) that often contains a variable region (VR) at the 3' end (Figure 8, 

Figure 40). They benefit the host cell through mutagenic retrohoming, in which the RT 

reverse transcribes the TR to produce a piece of DNA with random A-to-N mutations. 

This DNA copy of TR, which is slightly different in sequence compared to the original 

TR, replaces the VR of the TG at the C terminus. As a result, the TG will have a different 

amino acid sequence after acquiring the new VR sequence. Most identified TGs are 

involved in cell surface display, and the DGRs increases the adaptability of their hosts 

(Figure 8) [19, 20, 62, 160]. 

 

 

Figure 40. Comparison of three experimentally characterised DGRs. 

The three DGRs are from Bordetella BPP-1 phage, Legionella and Treponema, respectively. 
They vary in gene organisation, the type and number of the TG, and the type of the accessory 
gene. Elements are not drawn to scale. Figure adapted from references [19, 169, 161, 291]. 

 

The best experimentally studied DGR is from the Bordetella BPP-1. It targets the phage 

mtd gene, which is responsible for cell binding during phage infection (Figure 40) [62]. 

Crystal structures of the Mtd protein showed that its C terminus, including the VR, has a 

CLec (C-type lectin) fold, which can tolerate massive sequence variation to ensure 

binding diversity [167]. The VR also encodes a few constant amino acids, which serve 
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as a structural scaffold for the protein [167]. In addition, this DGR contains an accessory 

gene avd (accessory variability determinant) (Figure 40), which plays an essential role 

during cDNA synthesis by binding to both the RT and cDNA [162, 292]. 

Using the Bordetella phage DGR, it has been demonstrated that the recognition between 

the TR and VR as well as directional homing require multiple elements. At the 3' end of 

the VR of the Bordetella phage DGR, there is a 14 bp GC-only element (usually referred 

as "G/C" or "(G/C)14") followed by an IMH (initiation of mutagenic homing) element. 

Further downstream, there are two GC-rich inverted repeats that can form a DNA stem-

loop structure (Figure 40) [62, 164, 293, 294]. Portions equivalent to both G/C and IMH 

elements can also be found in the TR. The G/C in TR has an identical sequence 

compared to that of the VR, while the IMH in TR differs from the VR in sequence and is 

thus named IMH* (Figure 40) [294]. Unlike the VR, there are no inverted repeats 

downstream of the TR. All of the G/C, IMH, IMH*, inverted repeats, along with the 

sequence similarity between VR and TR ensure precise VR recognition and directional 

homing: the recognition at the 5' end of the VR is dependent on the sequence similarity 

between TR and VR, while the recognition at the 3' end of VR is independent from the 

sequence similarity and requires structural features from other elements [62, 292, 293, 

294]. 

Besides the DGR from the Bordetella phage, there are also other experimentally 

characterised DGRs, such as those from Legionella pneumophila [169] and Treponema 

denticola [170]. The Legionella DGR has a gene structure in the order of TG-AVD-TR-

RT, which is similar to the Bordetella phage DGR (Figure 40). It targets the ldtA 

(legionella determinant target A) gene, which encodes a lipoprotein located in the outer 

face of the outer membrane that is involved in ligand binding [169]. Unlike the Bordetella 

phage DGR, the Legionella DGR has two pairs of inverted repeats downstream of the 

VR, and form two stem-loop structures (Figure 40) [169]. 

In contrast to both Bordetella phage and Legionella DGRs, the Treponema DGR has an 

order of TG-TR-HRDC-RT, in which HRDC (helicase and RNaseD C-terminal) is the 

accessory gene instead of the AVD (Figure 40). It targets the tvpA (Treponema variable 

protein A) gene that is also thought to have a binding function involved in interacting with 

other cells [170]. Moreover, the Treponema DGR has been found to target multiple TGs 

located distant from the DGR cassette (Figure 40) [170]. For both Legionella and 

Treponema DGRs, all G/C, IMH and IMH* elements could be identified (Figure 40) [169, 
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170]. In addition, both TGs have been predicted to have a CLec fold around the VR, 

even though their VR sequences have a low sequence identity compared to the VR of 

the Bordetella phage DGR, indicating bacterial DGRs often target proteins involved in 

surface display and ligand-binding [169, 170]. 

Because of the characteristic A-to-N mismatch between the TR and VR, putative DGRs 

can be predicted directly from genomic sequence data [19, 293, 160, 295, 296, 297, 

291, 298]. Many past searches have identified DGRs that vary in the composition and 

order of the gene components, as well as the properties and number of each different 

component [19, 160, 293, 298]. More recent studies also identified novel DGRs from 

metagenomic data of the DPANN (Diapherotrites, Parvarchaeota, Aenigmarchaeota, 

Nanoarchaeota, Nanohaloarchaea) and CPR (candidate phylum radiation) groups [296, 

299], further indicating the widespread existence and great diversity of DGRs. 

This project aimed to investigate the diversity of DGRs and began to collect a set of 

DGR representatives from the most recent version of the GenBank database through 

bioinformatic approaches. Followed by manual correction, a total of 372 DGRs that are 

unique in sequence were finally compiled and subjected in various studies, such as the 

classification for each gene component and phylogenetic analyses. This manually 

curated set of DGRs can be used as reference for future research. 

 

Materials and Methods 

An updated identification of primary DGR components 

Before I started working on this project, an unpublished set of ~500 DGRs was collected 

by Michael Abebe when he worked in our lab in 2012. He performed several preliminary 

analyses for those DGRs, including identification of all DGR components, the copy 

numbers of each component, the order of genes and tentative classifications for the TG. 

In this section, they are referred as the "old" dataset. 

Since I began this project in 2013, I either made updates or deleted some DGRs from 

the old dataset. Because of the discovery of the new and diverse CPR group in 2015 

[300, 301], and also in order to look for novel DGRs from the most recent version of the 

GenBank database, I performed another search in 2016 and discovered ~130 additional 

putative DGRs. This section will describe how new DGRs were discovered, which mainly 
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included searching of the RT, the TR-VR pair, the TG, and accessory genes. 

 

Identification of DGR-related RTs 

The first step to identifying a DGR is to search for DGR-related RTs. This was done 

using a BLAST-based strategy similar to that described in Chapter II. First, 55 

representative RTs selected from the old set were used as query sequences (Appendix 

E1), and BLASTP (protein queries against the protein database) searches were 

performed against GenBank's non-redundant protein database (NR) as of July 25, 2016. 

All resulting hits were subjected to another BLASTP search in order to filter out those 

that are unlikely to be related to DGRs. For the second BLASTP search, each of the hits 

was used as the query and searched against a custom RT database, which consisted of 

RTs from different classes (Appendix A2). If at least one of the top three hits was not a 

DGR-related RT, the query was considered as a non-DGR RT and removed. 

Finally, the nucleotide sequences of the remainder of the RTs were downloaded with ± 

10 kb flanking each side for later analysis. For convenience, they will be referred to as 

the "downloaded sequences" in the following text. 

Because the search I performed in 2016 mainly aimed to find novel DGRs rather than to 

create a comprehensive set of DGRs, DGRs that were similar to the old set were 

excluded. This was based on the similarity of the RT. First, all newly discovered 

candidate RTs were compared to RTs from the old set using BLASTP. An RT would be 

removed if it had an E value of less than 1e-100 and if the hit coverage was larger than 

85% of an RT from the old set. Next, the remaining RTs were automatically aligned to 

those from the old set using the program MUSCLE [213], and the alignment was used to 

generate a neighbour-joining (NJ) tree using the program Clustal X [211] with default 

settings (tree not provided). Sequences that were grouped to RTs from the old set were 

considered similar and therefore excluded. Meanwhile, in the case of many RT 

sequences being grouped together and supported in a single clade, but with extremely 

short branch lengths, only one of them was retained while the rest were considered 

duplicates. 
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Identification of TR-VR pairs, TGs and VR-based classification 

The TR-VR pairs were identified from the downloaded sequences by searching for short 

sequence repeats specifically containing A-to-N mismatches using BLASTN. The BLAST 

algorithm was set to "blastn" instead of the default "megablast" in order to allow short 

repeats to be matched. Each downloaded sequence was used as the query and 

searched against itself. Results were evaluated as "high", "medium" or "low" based on 

criteria considering the length of match and the ratio of A-to-N mismatches (Table 6). 

Only those evaluated as either "high" or "medium" were retained for the following steps. 

 

Table 6. Criteria for evaluating the TR-VR pairs. 

Many factors, including the length, number of all mismatches, and the proportion A-to-N 
mismatches, were considered and each potential TR-VR pair was put into one of three 
categories: "high", "medium" and "low", which correspond to the possibility to be associated to a 
real DGR cassette. 

 

 

After determining the TR and VR, the longest ORF containing the VR at the C terminus 

was predicted as the TG. Other ORFs were considered if the VR was not located at the 

C terminus. Entries in which the TG could not be predicted were excluded from the 

dataset. 

VRs were then classified based on the sequence similarity. Prior to my project, five 

unpublished VR classes, CLec1-3 and Ig1-2, had already been established in the old 

set. Therefore, their sequence alignments were used to create profiles with the program 

HMMER [214]. The newly identified VRs were compared to these profiles, and those that 

showed matches were assigned to the same class. TGs that matched none of these 

profiles were then automatically aligned using MUSCLE and classified based on the 

sequence similarity. 

 

High Medium Low

Length >= 50 nt >= 40 nt >= 40nt

Mismatches >= 8 >= 6 >= 6

Proportion of A-to-N 

vs. all mismatches
>= 80% >= 70% >= 50%
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Identification of accessory genes 

Accessory genes were identified using either HMMER-based profile search or pairwise 

BLASTP comparison. The HMMER-based search aimed to find known accessory genes. 

Prior to my project, the old set contained four types of accessory genes: AVD, HRDC, 

MSL ("MutS-like", see Results section) and CH1 (conserved hypothetical). Similar to the 

classification of VRs, the program HMMER was used to create profiles of these four 

types from their sequence alignments, and these profiles were then used to identify 

accessory genes for newly discovered DGRs by searching all ORFs that were longer 

than 50 aa (obtained through six-frame translation) from each downloaded sequence. 

New types of accessory genes were classified using pairwise BLASTP comparisons. All 

ORFs that are less than 1 kb from other identified DGR components (RT, TR, TG) were 

subjected to this comparison. Every two ORFs were compared using BLASTP, and 

grouped based on the E value. Only groups with three or more members were retained 

and assigned as potential accessory genes (PAGs). 

 

Summary of the final dataset 

The final dataset did not contain DGR duplicates based on the RT sequence identity. If 

multiple DGRs had an RT that was >= 95% identical in the amino acid sequence to each 

other, only one DGR was retained in the final dataset as a representative. Combing both 

the old dataset and DGRs I discovered in 2016, a total of 368 "unique" DGRs were 

included in the final set. In addition, four published DGRs found in Nanoarchaeota 

archaeon [296] were appended into the final dataset. They were missed by the 

automatic search because they are from the WGS (whole genome shotgun) database, 

which was not searched by the automatic method. Therefore, the final set contained 372 

DGRs. 

Based on a phylogenetic tree using the RT sequence (see later), 127 DGRs from CPR 

phyla together with the four nanoarchaeal DGRs are put into one subset named "CPR", 

and the rest of the 241 DGRs were put into a subset named "core". 
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Analyses applied to all 372 DGRs in the final set 

Phylogenetic inference using DGR-RT sequences 

Although a NJ tree was generated earlier during the identification of new DGRs, the NJ 

tree was not expected to be able to rigorously reflect the relationships among all RTs. 

Therefore, maximum likelihood estimation was used to construct another phylogenetic 

tree of all RTs from the final dataset. The RT sequence alignment was first generated by 

HMMER using a profile created from the RT alignment of the old dataset, followed by 

manual refinements. Of this RT alignment, 149 characters that were considered as being 

more conserved were used to construct the tree using the program RAxML [226] with 

1000 bootstrap replicates. Settings used for RAxML are as: the substitution matrix was 

RtREV [302], the proportion of invariable sites estimation was considered, and the 

heterogeneity of substitution rates was set to gamma distribution (command was written 

as "-m PROTGAMMAIRTREV" for RAxML). Other settings were used as default. The 

program was run on the Bugaboo server of WestGrid (https://www.westgrid.ca). 

 

Identification of remote VR, TG and accessory genes 

Remote VRs (outside of the downloaded ~20 kb sequence) were identified by using 

previously determined TR sequences as the query and searching against the complete 

genomic or contig sequences retrieved from GenBank using BLASTN. All remote VRs 

were verified that they do not belong to a different DGR cassette. Accordingly, the 

longest ORF containing each remote VR at the C-terminus was assigned to be the 

remote TG. 

Remote accessory genes were identified through HMMER-based profile searches for all 

currently known types: AVD, HRDC, MSL, CH1, and PAG1-4. The search was also 

performed against the complete GenBank record for each DGR. 

 

Analysis of protein domain composition and protein fold of the TG 

The domain composition for both the TG and RT was analysed by CDD (Conserved 

Domain Database, https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) [236] through 

the online batch search interface. All TG and RT sequences were submitted, and the 

https://www.westgrid.ca/
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
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output was refined using custom Perl scripts (not provided). First, weak matches with an 

E value greater than 1e-5 were excluded. Next, overlapping hits belonging to the same 

superfamily were merged to reduce redundancy. In addition, based on CDD annotations, 

many superfamilies were combined because they share some degree of sequences 

similarity and are believed to have the same function. This project combined two sets of 

superfamilies. The first one included superfamilies "AAA_16" and "P-loop_NTPase", 

which are all referred to "P-loop_NTPase"; the second one included superfamilies 

"DUF823", "Fib_succ_major" and "DUF1566", which are all referred to "DUF1566". 

The protein fold of each VR sequence was predicted by the Phyre2 webserver 

(http://www.sbg.bio.ic.ac.uk/~phyre/) [220]. 

 

Identification of the GC-rich inverted repeats 

Because the GC-rich inverted repeats are downstream of the VR and often form stem-

loops, the program Mfold [218] was used to fold automatically the ~200 bp of DNA 

downstream of the VR. The type of molecule was specified as DNA and the rest of 

settings were all used as default. The folded DNA structures were output in the Vienna 

format, and were screened with a custom Perl script (not provided) to search for GC-rich 

stem-loops using criteria considering the size, GC content, mismatches and the distance 

to VR (Table 7). 

 

Table 7. Criteria for identifying GC-rich stem-loops downstream of the VR. 

Potential stem-loop structures were divided into two categories with high and low probability of 
being a real GC-rich stem-loop. Structures that do not meet either category were considered to 
have no probability and excluded. 

  

High Low

Stem length

Loop length

G-C pairs in stem

G-T pairs in stem

Bulge/mismatch 0 <=2

Distance to the end of VR <=50 nt <=100 nt

>= 5 nt

<= 6 nt

>= 50%

<= 20%

http://www.sbg.bio.ic.ac.uk/~phyre/


114 
 

Detection of transcriptional terminators downstream of the VR 

Putative transcriptional terminators downstream of the VR were detected using the web 

server ARNold (http://rna.igmors.u-psud.fr/toolbox/arnold/index.php). The input was the 

~200 bp DNA sequence downstream of the VR, both strands were analysed, and the 

rest settings were used as defaulted by the web server. 

 

Estimation of phage-association for DGRs 

Three approaches were used to judge whether a DGR could be associated with a 

phage. The first was based on the GenBank annotation, and DGRs from a phage source 

were automatically considered to be associated to a phage. The second approach 

considered DGRs targeting a Mtd-related protein as being associated to a phage, as Mtd 

is the TG of the Bordetella phage DGR. The last approach was based on BLASTP 

searches against a database available on the PHASTER website 

(http://phaster.ca/databases) [303], which consisted of only phage-related proteins. All 

ORFs of the downloaded sequences were subjected to this search. Only hits to a phage 

structural protein with an E value less than 1e-5 were considered, including baseplate, 

capsid, collar, head, neck, portal, sheath, tail, tape measure, terminase and whisker 

proteins. The final evaluation was based on the number of matches at each side of the 

DGR. 

 

Results and Discussion 

An overview of the DGR compilation 

Through both automatic prediction and manual curation, this project aimed to collect and 

analyse a comprehensive set of DGR representatives from the GenBank database. The 

automated identification was derived from a previously published pipeline program for 

identifying group II introns [245]. It began with identification of DGR-related RTs, 

followed by searching for TR-VR pairs that have the characteristic A-to-N substitutions. 

Next, TGs that contained the VR at the 3' end were confirmed, and accessory genes 

were identified by using either known sequence profiles or by looking for similar protein 

groups. Two searches were done to collect DGRs. The first search was performed by 

Michael Abebe in 2012, and in 2016, I performed the second search to look for novel 

http://rna.igmors.u-psud.fr/toolbox/arnold/index.php
http://phaster.ca/databases
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DGRs from newly published sequences. 

All candidate DGRs were initially kept in the dataset. In order to reduce the time for 

manual analysis, DGRs that have the RT >=95% identical in sequence to each other 

were reduced to one representative. It was noticed that many DGRs had duplicates in 

either the same or a different host organism, and the total number of DGRs would 

increase about 3-fold if duplicates were included. 

Because this project only focused on putatively functional DGRs, defective DGRs that 

either lacked a core component (RT, TR, VR) or had apparently non-functional 

components were excluded. However, it was also noticed that there is a rather large 

number of inactive DGRs compared to putatively functional "full-length" DGRs, implying 

DGRs are frequently transferred across individuals. 

The final dataset contains a total of 372 unique DGRs. Of them, 368 were automatically 

identified through the two searches. The remaining four DGRs are from Nanoarchaeota 

archaeon [296] and were appended into the final dataset. They were missed by the 

automatic search because they belong to the WGS database, while the automated 

method was designed to only search for the NR database. 

Based on the host organism, the final dataset was divided into two subsets, named 

"core" and "CPR (candidate phyla radiation)" respectively. The core set contains 246 

DGRs that are mostly from Bacteroidetes, Cyanobacteria, Firmicutes and 

Proteobacteria, which are more commonly sequenced phyla. In contrast, the CPR set 

contains 126 DGRs, 122 of which are from the bacterial CPR group [300, 301]. The 

remaining four are from the archaeal DPANN (Diapherotrites, Parvarchaeota, 

Aenigmarchaeota, Nanoarchaeota, Nanohaloarchaea) group [296]. 

Both CPR and DPANN groups were discovered from metagenomic or single-cell 

sequencing data [300, 304]. Species belonging to either group are generally small in 

genome size and have restricted metabolic capacities related to carbon- and nitrogen-

cycling, and are thus thought to have a symbiotic or parasitic life cycle [300, 301, 305, 

304, 306]. While both groups are diverse, the CPR group has been expected to contain 

over 70 candidate bacterial phyla that may occupy more than 15% of all bacterial 

diversity [301]. Accordingly, DGRs from these species have been found to be separated 

from those of the core set in terms of the phylogeny, the gene order and the VR-based 

classification. Therefore, the CPR set indeed differs from the core set not only because 
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of the host organisms but also because of many features of the DGRs themselves. Note 

that even though CPR and DPANN do not have a direct biological relationship to each 

other, DGRs from both groups were merged and only referred to the CPR subset due to 

the DPANN group was new to the "old set", and they had a small group size of 4. 

Overall, this compilation is believed to include a comprehensive set of DGRs from the 

most recent GenBank database. In the following sections, all information gathered 

through this project will be described, and summaries of all 372 DGRs are listed in a 

"master table", which is provided in Appendix E2. 

Establishment of an RT-based phylogenetic tree of DGRs 

In order to illustrate the relationships among all DGRs, the first analysis was to construct 

a phylogenetic tree using the RT sequences. Although a DGR contains multiple 

components, only the RT is present in all cassettes and all RTs share sequence 

similarity. The tree was constructed by maximum likelihood estimation using the program 

RAxML with 1000 bootstrap replicates. As shown in Figure 41, this tree agrees with the 

division between the core and CPR (highlighted in pale yellow sectors) subsets, in which 

almost all DGRs from the CPR set belong to a large single clade and are separated from 

the core set (a few exceptions belong to the DPANN group). For the core set, there are a 

few large clades that can be observed, but almost all DGRs from the CPR set do not 

form large clades at all (Figure 41). However, including the separation of the CPR 

subset, this tree generally lacks supports (bootstrap >= 75%) for most of the clades and 

the resolution is rather low. 

Regardless of the lack of supports, the topology of this tree agrees with an earlier 

preliminary tree constructed by Bayesian inference using a smaller dataset (data not 

shown), and thus major clades observed in this tree were believed to represent different 

lineages of DGRs. Therefore, based on both the tree topology and many other features 

such as the VR-based class and gene order (later sections), four lineages (1-4) were 

assigned to four major clades (Figure 41, grey sectors). Within lineage 3, a subclade 

was further assigned as lineage 3a (Figure 41, darker grey sector) because all members 

have the same gene organisation, which is different from other DGRs from lineage 3 

(later section). 
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Figure 41. Phylogenetic tree of DGRs based on the RT sequence. 

The tree was generated by program RAxML with 1000 bootstrap replicates. The input sequence 
data contained 149 characters that were considered to be the most conserved. Clades with a >= 
75% bootstrap support are marked by a black dot. Grey sectors correspond to Lineages 1-4, and 
the darker grey sector corresponds to Lineage 3a. Pale yellow sectors correspond to DGRs from 
the CPR set. The three characterised DGRs from the Bordetella phage, Legionella and 
Treponema are highlighted by dashed arrows in red, green and blue respectively. Branches are 
colour coded by major VR classes (CLec1-3 and Ig 1-2). 
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Components of the DGR cassettes 

Reverse transcriptase 

The RT gene is the only component present in all DGRs that shows sequence similarity. 

Therefore, the RT sequence could be used as the first step to search for new DGRs. 

Overall, RTs from this compilation have the same organisation of RT motifs 1-7 and an X 

domain, which are alignable to RTs from group II introns. However, unlike group II 

introns, DGR-RTs do not have a nuclease domain [22, 62, 296] (Figure 13 of Chapter II). 

Even though a few RTs have a C-terminal extension of ~150 aa, which might correspond 

to a nuclease domain, there was little evidence that this extension had a nuclease motif 

or a related activity. 

Through CDD-based domain identification, most RTs did not show additional motifs 

except for three, which showed a weak match to a MutS_I motif that is involved in 

repairing mismatched DNA. Because other MutS motifs have been identified in some 

accessory genes (see later section), this implies that some DGRs may use components 

related to the DNA repair system during mutagenic retrohoming, which is different from 

the Bordetella phage DGR prototype [164]. 

 

Template repeats and variable regions 

The TR-VR pairs were detected by searching for sequence repeats with A-to-N 

mutagenesis. Unlike the RT, not all VRs can be aligned, and sequence similarity was 

only seen in subsets of VRs. Therefore, VRs are classified into five major and seven 

minor groups based on the sequence similarity (Figure 42). The five major classes 

include CLec1-3 and Ig1-2, in which "CLec" and "Ig" are unrelated protein motifs, and 

they correspond to "C-type lectin" and "immunoglobulin" folds respectively. TGs from 

these major classes were all predicted to have a corresponding protein fold by the 

Phyre2 webserver. 
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Figure 42. The WebLogo profile of each VR class. 

Images were generated by the WebLogo server (http://weblogo.berkeley.edu/logo.cgi) [217] using the VR alignment of each class. For the five 
major classes (CLec1-3 and Ig1-2), a thick line is placed below areas subjected to the A-to-N mutagenesis. 

http://weblogo.berkeley.edu/logo.cgi
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The seven minor classes include CLec and UVR1-6, in which "UVR" stands for 

"unknown VR". Members of the minor CLec group could be identified to have a CLec 

fold, but they could not be aligned to any of the major classes of CLec 1-3. None of the 

six UVR groups were predicted to have a CLec or an Ig fold, nor could they be predicted 

to have an alternative protein fold. Regardless, all UVR classes have conserved amino 

acids at both ends as well as in the middle of the VR (Figure 42). This is consistent with 

the pattern observed in CLec and Ig classes [167], and these conserved amino acids are 

likely responsible for maintaining a scaffold to support the display of the diversified 

amino acids at the surface of protein. 

A clear correlation between the five major VR classes and the RT-based tree was 

observed (Figure 41), indicating the VRs were evolving together with RTs. While CLec3, 

Ig1 and Ig2 are associated to Lineages 1, 2 and 3 respectively, CLec2 correlates within 

one single clade (Figure 41). In contrast, CLec1 is found in multiple clades, suggesting 

CLec1 VRs could be the oldest. In contrast, the six UVRs were dispersed and showed 

no strong correlation to the tree, except that they all belong to the CPR set (Appendix 

F1). Not only because 45 VRs from the CPR set remained unclassified, but also 

because the CPR set did not form into large clades as shown in the RT-based tree, their 

VRs and TGs are might thus have different functions compared to those of the core set. 

 

Inferred patterns of mutagenesis in VR sequences 

During the step of detecting TR-VR pairs, one important criterion was the ratio between 

the A-to-N mutagenesis and all mismatches (Table 6). It was initially expected that a 

DGR would only contain the canonical A-to-N mismatches between the TR and VR, but 

this compilation revealed many other types of differences. By questioning whether it is 

common for a TR-VR pair to allow non-A-to-N mismatches, the TR-VR alignments 

(Appendix E3) were more closely examined. 

The majority of DGRs in this compilation (65%, 243 of 372) were found to contain only 

A-to-N mutations, which mostly occur at the first and second codon positions (Figure 

43A, B). This agrees with the previous conclusion that substitutions at the first two codon 

positions could allow the maximal possibility to diversify the amino acid sequence [163, 

167]. In addition, when a DGR interacts with multiple TGs, they always result in non-

identical VR sequences (Figure 43B), indicating the process of mutagenesis always 
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occurs randomly. 

The remainder of the 35% DGRs in this compilation contain non-A-to-N substitutions 

and/or indels. Non-A-to-N substitutions (Figure 43D, E) were probably caused by 

random mutations. Non-A-to-N substitutions were observed at a low frequency. Only one 

such occurrence was the mostly observed (in ~55 DGRs), ~10 DGRs showed two 

occurrences, ~5 DGRs showed more than two, and one DGR was the most extreme 

case to have seven. Indels (Figure 43C, D, E) were even less frequent than non-A-to-N 

substations, and were mostly observed to occur next to the "AAC" repeats, which is a 

favoured "codon" and usually appears in tandem in TR to maximises the sequence 

variations after diversifying [19, 163]. Therefore, they were likely caused by template 

slippage during reverse transcription. They were observed the least frequently in this 

compilation, as only ~20 TR-VR pairs contain indels. Interestingly, the number of indels 

causing frameshifts is only slightly lower than those not causing frameshifts, while the 

IMH usually remained intact (Figure 43C, D, E). 

Aside from the type of mutagenesis, the number of substitutions also vary in different 

TR-VR pairs. From this compilation, the number of A's in TR vary from 9 to 56, while 

most TRs contain 21-35 A's. Accordingly, 11-20 nucleotide substitutions are the most 

common between TR-VR pairs, and 21-35 nucleotide substitutions are less common, 

while more extreme examples have fewer than 10 nucleotide substitutions. In terms of 

the number of changes in the amino acid sequences, 6-15 amino acids are the most 

common, followed by 16-25, and only a few have fewer than 5 amino acid substitutions. 

Overall, this showed that between the TR and VR, the type and number of mutations 

vary among different individuals. Although canonical A-to-N mismatches are the most 

favoured, non-canonical substitutions and indels are not rare. They were likely caused 

by mistakes during reverse transcription, but these errors may still increase the TG 

diversity if they do not deactivate the TG. 
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Figure 43. Selected TR-VR pairing examples. 

Predicted TR and VR sequences are written in capital letters and alignable areas are in bold. Red indicates A-to-N mismatches, while green 
indicates non-A-to-N mismatches as well as indels. Changes of amino acids in corresponding translated VR are thus highlighted using yellow and 
green respectively. Blue and purple shadings corresponding to detectable G/C and IMH*/IMH elements. Orange shading in A) highlights the 
predicted GC-rich stem-loop. A) The Bordetella phage DGR prototype, B) a TR matching to two VRs within the same DGR cassette, C) a TR 
containing an insertion besides the "AAC codon" of TR and does not cause frameshift, D) two VRs belonging to the same DGR cassette and both 
have long insertions, also next to the "AAC codon" of TR, and E) a TR-VR pair with several non-A-to-N mismatches. 
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IMH, IMH* and inverted repeats 

Because the Bordetella phage and Legionella DGRs have been shown to require G/C, 

IMH, IMH* and GC-rich inverted repeats for direct homing (Figure 40) [164, 169], all 

DGRs of this compilation were searched for these elements in order to determine 

whether they are required by other DGRs. The prediction was based on either the 

sequential or structural features: The G/C element mostly contains G and C, and it is 

located at the 3' end of the VR and TR; IMH and IMH* are located downstream of the 

G/C element in VR and TR respectively, and they have similar but non-identical 

sequences. The GC-rich inverted repeats are downstream of only the VR, and they form 

DNA stem-loops (Figure 40) [62, 164, 293, 294]. 

The sequence alignments between the TR and VR (Appendix E3) were used here to 

search for these elements. First, IMH, IMH* and G/C were visually identified by looking 

for sequences at the 3' end of VR with imperfect matches downstream of a short G/C-

rich sequence. The inverted repeats were detected using the nucleotide folding program 

Mfold [218], in which ~200 bp downstream of the VR were folded and GC-rich short 

stem-loops were then screened for potential inverted repeats (Table 7, Methods). 

Both G/C and IMH/IMH* could be detected in almost all DGRs of this compilation (Figure 

43), but only a small number of DGRs (34%, 127 of 372) could be predicted to have a 

stem-loop structure that corresponded to the inverted repeats (Appendix E4). Because 

the inverted repeats resemble a transcriptional terminator structure in terms of the 

formation of a stem-loop structure, it could be possible that a terminator appear 

downstream of the VR may be an alternative to the inverted repeats. However, through 

automated terminator prediction by the ARNold webserver, no evidence could be found 

to indicate transcriptional terminators and inverted repeats are interchangeable (data not 

shown). Therefore, although G/C, IMH and IMH* are more likely to be universal features 

and are thus expected to be always required for directional homing, the inverted repeats 

may either be only necessary for certain DGRs, or there is an alternative element used 

by the other DGRs that lack this feature. 
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Diversity of target genes in number and location 

The presence of multiple TGs for both Treponema and Nanoarchaea DGRs [170, 296] 

have implied DGRs are capable of targeting multiple genes located throughout the 

genome. By examining the number of TGs for DGRs in this compilation, it also showed 

that having multiple TGs is not rare. About ~15% of DGRs (53 of 372 DGRs) were 

predicted to interact with more than one TG, while having was the most common (49 of 

the 53 DGRs). Three of the remaining four DGRs have three TGs, and the last DGR 

found in Stenotrophomonas sp. is the most extreme example containing eight TGs. 

However, this result was suspicious as the TGs are all short (<150 aa), close to each 

other (~30 bp apart), and have large regions of identical sequences (data not shown), 

which suggested a potential assembling error of its genomic sequence. However, the 

reliability of source sequences should not cause an issue for most other DGRs, because 

the sequence alignments of different components did not reveal other problematic DGRs 

other than this exception. 

Following examination of "adjacent" TGs that are next to a DGR component, there are 

45 DGRs in this compilation that are predicted to also interact with non-adjacent TGs, 

which were defined as TGs that do not locate immediately next to other DGR 

components but are still considered as residing in the same neighbourhood. Moreover, 

10 DGRs were found to have remote TGs, which are at least 100 kb away from the 

cassette, although they were not proven to be functional. Interestingly, there are also a 

few DGRs that only have remote targets. Altogether, these observations indicate DGRs 

are capable of interacting with TGs in trans. While this has been previously 

demonstrated using an artificial experimental system [164], this compilation provided 

more examples from bioinformatically predicted putative DGRs. 

 

Patterns of the protein domain composition in TGs 

Unlike the RT, TGs from all DGRs cannot be aligned due to the lack of sequence 

similarity, and only subsets of TGs can be aligned near the VR if the VRs belong to the 

same class. In addition, TGs of the three characterised DGRs are functionally different 

despite all containing a VR that has a CLec fold [169, 170, 167]. TGs are thus expected 

to have a great diversity in terms of both sequence and function. In order to investigate 

this, all adjacent TG sequences in this compilation were submitted to the CDD server to 
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analyse their protein domain compositions, which could be used to predict their 

functions. This revealed 27 different protein motifs after combining overlapping motifs or 

those with essentially the same functions. The domain composition of the TG was used 

to classify the TGs. They were grouped first based on the domain corresponding to the 

VR, and then by the organisation of other motifs. Eight major categories were formed, 

named "a" to "h", which were further divided into 39 subtypes (Figure 44). 

Category "a". VRs are associated to the mtd domain from the Mtd tail protein and this 

includes the Bordetella phage DGR. It contains 12 members, and they all belong to the 

VR class CLec1. It can be divided into two subtypes, one with 11 members that contain 

only a single mtd domain (a1), and the other contains a phage tail-collar fibre protein 

domain at the N-terminus in addition to the mtd domain (a2). In addition, phage-related 

genes have been found in the neighbourhood of almost all 12 DGRs, suggesting DGRs 

in this group are similar in function to the Bordetella phage DGR. 

Category "b". This is the largest group and contains 91 members including the 

Treponema DGR [170]. All VRs belong to the CLec1 class and are associated with an 

FGE-sulfatase domain. "FGE" stands for "formylglycine-generating enzyme", which is a 

sulfatase. Proteins containing this domain in eukaryotes are required for post-

translational sulfatase modification [236]. In Treponema, this enzyme functions as an 

iron-dependent oxidoreductase [236]. This category further contains 14 subtypes. Most 

members have no additional domains but vary in the size of the region N terminal to the 

FGE-sulfatase domain (b1, b2). One DGR has three VRs, each containing an FGE-

sulfatase domain (b3). Based on the sequence similarity between TR and VR, all three 

VRs appear to be diversified. The rest of the members have one or more additional 

domains but their small group sizes (b4-14) limited further prediction of their functions. 

Category "c". This category contains three TGs belonging to VR class CLec1. Although 

CDD could not detect any domain, nor could a C-type lectin fold be predicted by the 

Phyre2 server, they remained in CLec1 class because they could be aligned well with 

other CLec1 VRs (data not shown). Therefore, a box labelled "CLec1" was used here to 

represent the domain associated to the VR. 
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Figure 44. Domain composition of TGs. 

TGs are categorised based on the domain composition, which was detected by CDD. Boxes A to 
H correspond to categories "a" to "h" respectively. The total number of each motif pattern is given 
in parentheses, followed by an example DGR. On the right, the associated VR-based class is 
given. 
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Category "d". Including the Legionella DGR, all DGRs in this category have a CLec2 

VR that is associated with a DUF1566 domain ("DUF" stands for "domain of unknown 

function"). This domain is similar in sequence to the "Fib_succ_major" domain, which is 

usually related to a lipoprotein signal sequence and is thus consistent with the Legionella 

DGR [236, 169]. Like category "b", the majority of these do not contain additional 

domains (d1-3), however, 10 members do (d4-10). Some groups have a few bacterial Ig-

like domains (e.g. Big_2, Big_3) located internal to the TG, but unlike the Ig classes of 

VRs, none of these domains showed evidence to be alternative VRs. 

Category "e". This category resembles category "c", in which no domains nor Ig fold 

could be detected for the VR although a few had weak matches to domains belonging to 

the Ig superfamily. Therefore, they were grouped together and labelled as "Ig" to indicate 

their sequences could be aligned to the Ig domain. 

Category "f". All members in this category belong to the VR class CLec3. Most 

subgroups are either small (f2, f3) or do not contain any other known domains (f4, f5). 

Among all subgroups, f1 is relatively large and contains 11 members that have high 

sequence similarity. Although matches to either the "Laminin_G_3" (Concanavalin A-like 

lectin/glucanases superfamily) or "CotH" (spore coat protein H) domain were not 

obtained for all members, both domains are drawn because of the sequence similarity. 

Both domains are associated with structural or binding functions, and this category is 

another example consistent with those experimentally characterised DGRs. 

Categories "g". All members from this category are from the CPR set and they all have 

VRs from a UVR class or are unclassified. Neither CDD nor Phyre2 showed matches to 

any known protein motifs around the VR. Instead, a few matches were detected at the 

N-terminus. Therefore, these TGs were grouped together as a special group, in which 

the VR associates with no known protein motifs. 

Category "h". There is only one member in this category. Different from other TGs, this 

TG contains the VR at the N-terminus. The entire protein contained a 

eukaryotic/archaeal type S3 ribosomal domain "uS3_euk_arch", giving the possibility 

that a DGR could be interacting with protein synthesis or related machinery. 

So far, categories described above mainly included TGs from the core set (except for 

categories "g" and "h"), while most TGs from the CPR set matched to no known motifs. 

Therefore, PSI-BLAST searches were performed in order to find more distantly related 
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proteins to these TGs. However, this only revealed UVR1 and UVR4 to be related to 

DUF1127 and Midasin respectively, and the rest of UVRs and unclassified VRs 

remained unclear in their domain composition. The Midasin domain is an AAA-ATPase 

motif belonging to the AAA_16 family, which has also been seen in category "b". 

However, because neither of UVR1 and UVR4 could be predicted to have a CLec or Ig 

fold for the VR, the similarity in motif organisation could not reassign them to any of the 

current VR based classes. 

Consistent with the VR classes that showed correlations to the RT-based tree, different 

TG categories correlate to the tree as shown in Appendix F2. The best examples are 

category "e" that contains TGs from the two Ig classes that correlate to Lineages 1 and 

2, category "f" that correlates to Lineage 3, and category "d" that correlates to a large 

single clade (Appendix F2). Also, categories "a", "b" and "c" correlate with either large or 

highly supported clades elsewhere in the tree (Appendix F2). In addition, correlations 

were also often observed at the subgroup level (e.g. "a1", "a2") (data not shown). 

Although categories "g" and "h" were not correlated to any specific clade, this agrees 

with the fact that they belong to the CPR set, which was expected to be very diverse and 

had very little resolution. Because of a larger variety in domain composition compared to 

the number of VR based classes, the TG as a whole appears to evolve faster than the 

VR portion and thus could gain additional domains and extra functions. 

 

Accessory genes 

Before I started this project, four accessory genes were already known: AVD, HRDC, 

MSL and CH1. While the former two were previously reported in many publications, the 

latter two were identified in the old dataset by Michael Abebe. Later when I collected the 

CPR set, I used sequence profiles of the four known accessory genes to detect 

accessory genes of DGRs from the CPR set. In addition, to identify new potential 

accessory genes, all ORFs next to a DGR component were subjected to a pairwise 

BLASTP-based comparison to group closely related proteins, which formed four 

potential accessory gene (PAG) groups. 

AVD is the most common accessory gene that was found to function in nucleic acid 

binding and assist the mutagenic homing event [162]. They are present in 74% (275 of 

372) of DGRs in this compilation and have a shared sequence similarity. Almost all AVD-
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containing DGRs have only one AVD, with only one exception containing two. Unlike 

TGs, all AVDs identified are close to a DGR component and no remote AVDs were 

found. Since AVD binds both the RT and cDNA during mutagenic retrohoming in the 

Bordetella phage DGR [162, 292], it could require the AVD and RT to be physically 

close. A correlation between the distribution of AVD and the RT-based tree is observed, 

in that AVD is found in all DGRs in the tree except for Lineage 3, a subclade of Lineage 

1, and a few single clades (Appendix F3). The widespread presence of AVD across the 

tree implies that AVD could be the oldest accessory gene incorporated into a DGR 

cassette. 

The second accessory gene is HRDC, which is found in about 4% of DGRs in this 

compilation (14 of 372). Like AVD, almost all HRDC-containing DGRs have only one 

HRDC except one example that contains two. Like AVD proteins, HRDC domains are 

predicted to function in nucleic acid binding [237, 236]. About half of HRDC-containing 

DGRs contain an AVD as well, indicating HRDC proteins may either collaborate with 

AVD or function independently. The distribution of HRDC correlates with the tree, in that 

all HRDC-containing DGRs belong to one clade, except the one that contains two 

HRDC's (Appendix F4). DGRs containing both HRDC and AVD branched earlier than 

those only containing HRDC (Appendix F3, F4), implying HRDC likely first coexisted with 

AVD in the same DGR cassette, but gradually completely replaced the AVD in a certain 

clade of DGRs. 

Two new accessory genes, named MSL and CH1, were also revealed in this 

compilation. "MSL" stands for "MutS like". MSL proteins are short (<300 aa) and all 

contain a MutS domain, which was predicted by Phyre2 and some have been annotated 

by GenBank as a MutS-related protein. The MutS domain is often found in mismatch 

binding proteins required in the DNA mismatch repair system [236]. This is consistent 

with both AVD and HRDC being nucleic acid binding proteins, supporting MSL proteins 

are coded by actual accessory genes. However, it is not yet clear whether MSL proteins 

function independently or together with AVD, since all MSL-containing DGRs contain an 

AVD as well. As stated earlier, a few RTs were also found to contain an MSL domain. 

Although there is no DGR that contains an MSL domain in both the RT and the 

accessory gene, DGRs that have an MSL domain in either component are clustered in 

related DGRs (Appendix F4), suggesting these DGRs could belong to a sublineage that 

requires the MSL domain. The MSL domain was likely acquired from the host DNA 
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repair system, to provide additional binding functions along with the AVD. 

The last accessory gene is CH1, in which "CH" stands for "conserved hypothetical". 

They are even smaller proteins than MSL proteins (<200 aa) and are found exclusively 

in all 14 DGRs from Lineage 3a (Appendix F4). In contrast to MSL, no known motif could 

be detected in the sequence of CH1 proteins. But because CH1-containing DGRs are 

closely located in the tree and were not predicted to contain any other accessory gene, it 

is very likely that CH1 is an actual accessory gene with a yet unidentified function. This 

was also supported by another sequence comparison across many DGR "duplicates" 

from different hosts. As shown in Figure 45A, 13 DGRs that contain an RT with >=95% 

sequence identity were compared through BLASTN. Including the entire DGR cassette 

and ± 3 kb flanks at both sides, five copies are likely functional "full-length" DGRs that 

contain all TG, TR, RT and CH1 components, while an additional six lack the TG, and 

the remaining two lack both the TG and TR (Figure 45A). Although the latter eight copies 

that lack one or more components may be inactive remnants, CH1 is present in all 13 

copies (Figure 45A), further indicating CH1 is an actual DGR component. 

Finally, there are four potential accessory genes, named PAG 1-4. They were identified 

through pairwise BLASTP comparisons across all ORFs located close to a DGR 

component. Closely related proteins based on the E value were grouped together and 

assigned as PAGs if the group contained three or more members. However, they are all 

of a small group size (3-4 examples each) and lack enough information, such as protein 

motifs, to predict their functions. Except for PAG3 proteins that are limited to a single 

clade, the other PAGs showed no strong correlation to the RT tree (Appendix F4). These 

factors made it less likely that they were actual DGR components. In this case, these 

proteins might simply share some sequence similarity and appear to be close to a DGR 

cassette. For example, they could be similar genes from related phages, which have 

DGRs in the same location of the phage genome. Therefore, PAGs 1-4 were not 

considered as a solid component in the DGR cassette. 
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(Figure caption on the next page.)  
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Figure 45. Comparison of DGR cassettes with nearly identical RTs in different genomes. 

The entire DGR cassette including ± 10 kb flanks were compared to a reference sequence (top) 
through BLASTN. Coloured boxes and arrows correspond to different DGR components, and 
non-DGR areas are drawn as a thick line for the reference DGR. Other DGR members in the 
same group are drawn below the reference and are ordered by alignable area, host organism and 
then GenBank accession. Non-DGR areas that are alignable to the reference are drawn as a 
thick line. Dashed line indicates there is no sequence available on the corresponding GenBank 
entry, but is predicted to be alignable to the reference. Panels A to D correspond to four individual 
DGR organisations. 

 

Besides the accessory genes mentioned above, many DGRs had no accessory genes 

identified at all. These DGRs cluster in the RT-based tree, including a subclade of 

Lineage 1, most members of Lineage 3 but excluding 3a, and a small CPR clade next to 

Lineage 4. Accessory genes generally have nucleic acid binding activities as shown by 

AVD, HRDC and potentially MSL, and thus DGRs without any accessory genes may 

compensate for this by having an RT that can function independently without the 

accessory gene, requiring other proteins with a similar function from the host, or using a 

different mechanism to facilitate the mutagenic homing process. As stated previously, 

the first two possibilities could be exemplified by MSL-containing RTs or MSL accessory 

genes. 

Meanwhile, the subclade of Lineage 3a that contain a CH1 accessory gene probably 

indicates the gain of CH1 during the evolution of Lineage 3 that generally have no 

accessory genes. Therefore, it would be possible that the initial form of DGR did not 

contain specifically associated accessory genes and likely had low activity. To enhance 

their mobile activity, most DGRs have incorporated one of the major accessory genes 

(AVD, HRDC, MSL, CH1) during evolution. PAGs could thus represent "intermediate" 

forms in DGRs that are undergoing the process of establishing their own accessory 

genes. 

 

Architectures of DGR cassettes 

After determining all DGR components, the organisation of each DGR cassette was 

depicted. To illustrate the diversity and investigate whether there is an evolutionary 

pattern for these architectural arrangements, DGRs were first put into major divisions 

based on whether an accessory gene is present and the type of accessory gene. This 

resulted in five major groups, named A to E (Figure 46). Next, subgroups were assigned 



133 
 

based on the order of RT, TR and accessory genes. The TG was neglected at this point 

because it was noticed that TGs could vary in both number and order, which would not 

contribute in a simple and reasonable way of division. This resulted in 1-3 subgroups 

(e.g. A1, A2) within each major group (Figure 46). Finally, both the number and location 

of the TG were considered to depict the specific organisation for each DGR individual, 

and the number of DGRs that have the same architecture was counted and shown in 

Figure 46. 

Architecture A is the simplest group in which the core consists of the RT and TR only. It 

has two subgroups, A1 (TR-RT) and A2 (RT-TR), and together these DGR comprise 

29% (75 of 372) of the compilation. 

Architecture B has a core of RT, TR and AVD. This is the largest group and contains 

68% (253 of 372) of DGRs, including the best characterised DGRs from Bordetella 

phage and Legionella. There are three large subgroups (B1-3) within Architecture B that 

differ in the order of the three core components. Interestingly, subgroup B3 has the AVD 

in the opposite orientation, and except one DGR, all B3 members are from the CPR set. 

Architecture C has RT, TR, AVD and HRDC in the core. It contains 14 members 

including the characterised DGR in Treponema. It has one subgroup (C1) of four 

members representing the core of HRDC-AVD-RT-TR. The other individuals were not 

further divided due to the small number of representatives. 

Architecture D and E contain the MSL and CH1 accessory genes, respectively. There 

are no subgroups in D because all core components are unique and there are not many 

examples. The entire group E contains only the subgroup E1, because of the same core 

of TR-RT-CH1. 

Not only do these architectures reveal a large diversity, they also indicate there is no 

specific order for all DGR components. Therefore, different DGR genes can be 

independently expressed, rather than resembling an operon where all genes are 

translated together. This would allow any missing component to be obtained in trans 

from a remote genomic locus or located in the opposite orientation. Still, the general 

trend is that the entire DGR cassette evolves as a single unit, as can be seen from the 

good correlation between different architectures and the phylogenetic tree of RTs, in 

which each major clade mainly corresponds to only one specific architecture (Appendix 

F5). 
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Figure 46. Architectural groupings of DGR cassettes. 

Each DGR component is depicted as coloured blocks or arrows. DGR components being placed above or below the black line in the middle 
indicate they are in the same or opposite orientation to the RT respectively. To save the space, components are not drawn to scale, and the entire 
group B is arranged on the right out of the alphabetical order because of its large variety. The noted architecture is given beside each schematic 
and components in parentheses indicate the reverse orientation. The number of DGRs in each group is given after the noted architecture. 
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To further investigate whether the DGR cassette remains intact while being transferred 

across hosts, multiple DGR "duplicates" that have an RT of >= 95% sequence identity 

were compared to each other using BLASTN. Four independent sets of DGRs were 

subjected in this comparison and each set contained more than 10 DGR duplicates. The 

comparison included the entire DGR cassette and ± 10 bk flanks at both sides. As 

shown in Figure 45, the DGR cassette itself is intact in most hosts, but their flanking 

areas are often unalignable. Therefore, DGRs are usually inherited as a unit, but 

incomplete cassettes may still be active by function in trans. 

 

Phage association 

The well characterised DGRs from Bordetella phage, Legionella and Treponema have 

demonstrated that DGRs can benefit either a phage or bacterial host. Of this 

compilation, whether or not a DGR is related to a phage was thus investigated. The first 

approach was directly based on the GenBank annotation of whether the source of the 

sequence belonged to a phage genome. However, only 87 DGRs in this compilation 

were clearly annotated, most of which (69%, 60 of 87) are from a chromosome source, 

and smaller proportions are from free phages (24%, 21 of 87) or plasmids (7%, 6 of 87). 

For chromosomal DGRs, it is often unclear whether they are associated to phages, due 

to the lack of decisive phage gene indicators and dispersed phage remnants in the 

genome. 

To overcome this issue, this project used two approaches to judge whether a DGR is 

phage-associated. The first approach was based on the TG. Since the Bordetella phage 

DGR targets a Mtd protein, other DGRs that target the same protein were likely also to 

be associated to phage. The second approach compared all ORFs in the neighbourhood 

of a DGR against a database of phage genes provided by the PHASTER website [303] 

through BLASTP to identify phage-related genes. To reduce the chance of false 

prediction, only genes coding for phage structural proteins were considered, while other 

genes such as transcriptional factors were neglected. The results were evaluated based 

on whether the match was strong (E value <= 1e-20) or medium (E value <=1-5), as well 

as whether matches were found at both sides or only one side of the DGR. Ideally, 

strong matches at both sides of a DGR would indicate a clear phage association, while 

other cases could still be possible but with less confidence. 
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With more stringent criteria that only consider DGRs with matches with an E value <=1e-

20 at both sides, 34 DGRs were shown to be likely associated to phage. If using a less 

stringent criterion that considers matches with an E value <= 1e-5 and found in at least 

one side of the DGR, up to 111 DGRs could be considered to be associated with phage. 

Altogether, this shows that DGRs do not prefer either a bacterial or a phage host, and 

both are common. 

When mapping DGRs that were predicted to be phage-associated to the RT-based tree, 

it could be seen that almost all such DGRs are from the core set and they mainly cluster 

in Lineages 1, 2 and 3 or nearby clades, and the clade including the Bordetella phage 

DGR has the strongest evidence (Appendix F6). Overall, this implies DGRs that benefit 

phages are more likely to be closely related than other DGRs. Since entering the 

bacterial cell is an essential during phage adaptation, phage-originated DGRs are 

expected to resemble the characterised Bordetella phage DGR and target the Mtd or 

similar proteins that are involved in cell binding. In contrast, Lineage 4 and many other 

clades, including both Treponema and Legionella DGRs as well as almost the entire 

CPR set, showed the least evidence for phage association. Different from DGR in 

phages, DGRs from a bacterial host are more likely to benefit the bacterial host and 

target proteins involved in host cellular functions. 

 

The evolution of DGRs 

Because a DGR contains multiple components while the RT is the only common one 

with sequence alignability, the easiest way to construct a phylogenetic tree of DGRs 

would be using the RT sequence (earlier section). However, this may not represent the 

full evolutionary path of the DGR cassette as each component could evolve 

independently from the RT. Therefore, patterns observed in earlier sections (e.g. VR-

based class, the type of TG) were mapped to the RT-based tree in order to investigate 

whether the entire DGR cassette evolved as a single unit. 

As mentioned in earlier sections, many features have shown a good correlation with the 

RT-based tree, including the VR-based classification, the domain composition of TG, the 

distribution of accessory genes, and the architecture of DGR cassettes (Figure 41, 

Appendix F1-5). They include almost all DGR components except for the TR, which is 

not classified in this study but should fall into similar classes as the VR because of the 
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sequence similarity. Therefore, a coevolving relationship between different DGR 

components and RT could be concluded, which further indicates the entire DGR 

cassette was evolving as a single unit. Therefore, the RT-based tree should be 

informative enough to represent the evolutionary path of DGRs while considering all 

components, and closely related DGRs observed in the tree are expected to be more 

similar in many aspects, such as function and host organism. This agreed with the fact 

that DGRs that are likely benefiting phages clustered in many clades, while DGRs 

lacking evidence for phage association and are expected to benefit cellular functions are 

mainly from other clades (Appendix F6). 

From the RT-based tree, it was observed that DGRs from more closely related species 

(at the phylum level) are located closer to each other (Appendix F7). Although not 

presented in figures, DGRs from the same Class, Order and Family of hosts also 

showed consistent correspondence to the RT-based tree. Therefore, Appendix F7 could 

illustrate a possible direction of how DGRs were transferred across different phyla during 

evolution. Almost no DGRs were observed being transferred between the CPR and core 

sets. This not only indicates that DGRs between the two subsets are more different from 

each other, but also implies there were much fewer contacts between organisms from 

the core and CPR organisms, showing that their DGRs might have independent 

histories. 

Besides what is stated above, the position of VR in TG could also be inherited by DGRs 

during evolution, in which most DGRs with an internal VR belong to either Lineage 2 or a 

subclade of Lineage 1 (Appendix F8). Because the G/C and IMH elements that locate at 

the 3'-end of the VR are involved in directional homing, DGRs with VRs at unusual 

locations might thus develop a different homing mechanism, which might affect the RT 

sequence and result in them being more closely related as seen in Appendix F8. 

However, there are multiple clusters of such DGRs, and some of them are rather 

scattered in the tree. It was therefore possible that such unusual features were adopted 

by different DGRs independently, probably with various triggers from the host 

environment and functional requirements. 

In contrast, there are aspects that are unlikely to coevolve with either the RT or other 

DGR components. For example, the location of a DGR on either a chromosome, a 

plasmid or a free phage is rather random while being mapped onto the RT-based tree 

(figure not shown), indicating DGRs are frequently transferred horizontally across these 
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carriers. Another example is whether the TR-VR pair always contain only the canonical 

A-to-N substitutions. As described earlier, all possible mismatches, including A-to-N and 

non-A-to-N substitutions as well as indels, were observed in TR-VRs from this 

compilation, but there was no clear pattern showing they only occur in DGRs that are 

clustered in the RT-based tree (figure not shown). Similarly, the number of mismatches 

of each type did not correlate to the tree either (figure not shown). Together, both the 

type and number of mismatches in the TR-VR pair were more likely caused by random 

mutations rather than being inheritable properties of the DGR. 

Altogether, most DGR components have shown consistent distributions compared to the 

RT-based tree, indicating the entire DGR cassette likely evolved as a whole. Gain or 

loss of a component or feature might occur while a DGR is being transferred into a 

different host, and rearrangement could occur over time resulting in various cassette 

architectures. Depending on the environment, unrelated DGRs may evolve a similar 

feature. Even though the RT-based tree generally lacks statistical supports for most of 

the major clades, consistent distributions of various aspects while being mapped onto 

this tree have thus provided additional supports to the tree topology as well as the 

current division of four lineages. 

Finally, this project only constructed one phylogenetic tree using the RT, which is the 

only common DGR component with sequence similarity. In the future, information of 

other aspects, such as the VR-based class and the architecture group, can be coded as 

"morphological" data and used together with the RT alignment (similar to morphological 

trees constructed in Chapter IV). Because current observations support that all DGR 

components evolved as a unit, it would be expected a tree combining both sequence 

data of the RT and morphological data of other components should be similar to the RT-

based tree, but could provide more insight to interpret the evolutionary pathway of 

DGRs. 

 

Conclusion 

The project described in this chapter searched and systematically compiled a set of 372 

DGRs that are unique in sequence through bioinformatic approaches. Consistent from 

both experimentally characterised DGRs and other candidates predicted previously, this 

compilation expanded our knowledge of the diversity of DGRs in the aspects of function, 
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gene organisation, and host organism, and can be used as a reference to direct 

experimental design for specific individuals. A few questions are left unanswered and 

could guide further experimental investigation, such as the biological function of the TG 

and how it is benefited by the DGR-directed sequence diversification; the function of new 

types of accessory genes, and how DGRs without accessory genes can be functional 

with alternative factors or mechanisms. The effects of noncanonical substitutions as well 

as their cause can be an additional topic, as they are not rare but are present in a rather 

large number of DGRs. Finally, DGRs from the CPR set will be of special interest to 

investigate in general, since not only are they distinct from other DGRs, their host 

organisms are also distinct from most other DGR-containing bacterial species. 

Since this compilation underwent manual examinations to ensure accuracy, these 

verified DGRs can be used as "template" DGRs to direct future searches with increased 

accuracy. Programs used for these analyses can be revised and packed as a single 

program that is more convenient and user-friendly. Even though the automated 

procedures may never be as accurate as manual curations, integrating current 

experiences will certainly be more efficient and can reduce the manual effort required in 

the future. 
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Chapter VI. Final Conclusions 

Although mostly found in eukaryotes, retroelements are also present in prokaryotes and 

have been identified through both experimental and computational approaches. Unlike 

those in eukaryotes that are often selfish DNAs and associated with mobility activities, 

many prokaryotic RTs have been predicted to have unique functions and there is some 

evidence that they are even beneficial to the host cells. 

In this dissertation, I performed four projects focusing on data mining and bioinformatic 

analyses of retroelements in bacteria, especially group II introns and DGRs. Unlike 

experimental approaches, bioinformatics-driven approaches can massively expand the 

scale of investigations at the genomic or metagenomic levels, infer evolutionary histories 

and even reproduce the progress of evolution through computational simulation. This 

dissertation took advantage of the enormous sequence databases and various existing 

bioinformatic tools to carry out several projects that gathered fundamental information 

about bacterial retroelements. 

Overall, the basic framework used for data mining was of similar design for the different 

projects, with modifications made to fit different characteristics of each type of element. 

For example, all projects started by identifying RTs, using a protein profile for the type 

(e.g. profiles created from alignments of general RTs, group II-related RTs, or DGR-

related RTs). Additional prediction procedures were applied individually to specific 

projects to further refine the results. In the case of group II introns, the RNA secondary 

structures were predicted through RNA-based motif searches in the flanks of each group 

II RT candidate. Meanwhile, RNA-based motif searches also played an essential role in 

finding non-standard intron organisations as described in Chapter III. In the case of 

DGRs, additional components other than the RT were identified in a hierarchical order of 

TR-VR, TG and the accessory gene(s), since the A-to-N mutagenesis in the TR-VR pair 

is the most characteristic and can be predicted easily through pairwise BLASTN. All 

searches involved in this dissertation were made against the GenBank's non-redundant 

database, but it is also possible to search other databases using the same programs 

with minor modifications. 

The first project (Chapter II) performed a general search for bacterial retroelements. 

Although the majority of identified RTs were found to be group II introns, retrons and 

DGRs, seven groups were assigned as new types of RTs. Through examinations of the 
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protein motif composition, copy number and genes in the neighbourhood of the RT, most 

types of RTs remained unclear as to the nature of their functionality, while group II 

appeared to be the only type of retroelement with clear evidence of mobility. This 

indicates that group II introns have the highest probability of being widespread across 

bacterial species, and thus would have had a higher chance to be transferred into 

eukaryotes, consistent with the general hypothesis that group II introns were the 

ancestors of eukaryotic retroelements and the spliceosome. 

The project described in Chapter II also demonstrates that automated searches using 

only standard BLAST programs were able to identify potential new RT classes. 

Considering that standard BLAST searches are easier to be automated compared to 

PSI-BLAST, future searches can adapt the demonstrated BLAST method to quickly 

identify sequences similar to given queries. However, whether PSI-BLAST is able to 

identify sequences that are more divergent from the set of currently known RTs remains 

uncertain, and this possibility could be tested in the future. Other possibilities for future 

studies concern the predicted functions of established classes. The distribution of each 

class in different organisms could be examined, which might provide hints about their 

roles in living cells in the context of the host environment. 

Similar searches were specialised to collect and analyse bacterial group II introns and 

DGRs (Chapter III and Chapter V). The final dataset for each project included only those 

sequences that are unique to avoid redundancy. Many bioinformatic analyses were then 

performed for introns and DGRs, which provided updated and expanded information to 

our current understanding of these retroelements. Previously, our database of group II 

introns mainly contained intron prototypes that are unique in sequence relative to each 

other. In Chapter III, the database was expanded by recording multiple copies of each 

intron prototype, non-standard intron compound organisations, and examples of intron 

graveyards. Some of such organisations were observed multiple times in one or even 

different genomes, and thus could be possible candidates to be further experimental 

characterisation. 

The updated intron collection is also expected to better represent the entire intron 

population in nature. By combining knowledge of copies in different genomic sites, 

another future topic could be to investigate how group II introns became distributed 

within the same host cell, the same host species, or across different host species. In 

addition, although not described in this dissertation, some data collected in this project 
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gave rise to a hypothesis for a productive experimental project focusing on the intron-

exon recognition in class A introns, which was performed by Ashley Jarding in our lab. It 

is expected that the assembled dataset will generate additional hypotheses for 

experiments in the future. 

In the technical aspect, the project described in Chapter III will contribute to refinements 

and improvements in the automated procedure of analysing group II introns. Importantly, 

the set of newly identified introns allows for greater scope and accuracy of sequence 

alignments of both the IEP and RNA components. Updated sequence profiles for each 

class can now be generated from the resulting new alignments and replace the former 

files used by our searching program. This is expected to not only increase accuracy 

during the intron identification step, but also to result in better predictions for the RNA 

secondary structure. In addition, some procedures that were performed manually in this 

dissertation can be automated or partially automated in the future by integrating the 

information obtained. One example of this is the detection of non-standard intron 

compound organisations, in which an automated approach can infer organisation of 

different intron elements (e.g. individual RNA domains or IEP motifs) by identifying those 

located close to each other and assigning an overall order resembling a known complex 

organisation. 

The project described in Chapter III also contributed my subsequent project described in 

Chapter IV by providing an enlarged dataset for phylogenetic analyses of group II 

introns. The expanded dataset indicated that the IEPs and RNAs of group II introns 

coevolved as single units, although there were some disagreements between IEP- and 

RNA-based trees that suggested exceptions. To evaluate whether these disagreements 

could be actual conflicts between the IEP and RNA, I used topology tests, however, it 

was later found that trees of group II introns may not be suitable for standard topological 

analysis. Because group II introns are widespread across organisms across domains of 

life, they must have undergone various evolutionary events such as point mutations, 

indels or exchanges of sequences with other introns or genomic sequences. While these 

changes may introduce new structural features to introns and increase their adaptability, 

they also would cause a lack of sequence similarity among various introns and hinder 

phylogenetic analysis based on the sequence data. Generally, introns that belong to the 

same clade in the IEP-based tree were found to share RNA structural features, but the 

topologies inside each clade were less robust, especially if the clade was large. 
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Topologies within such clades rarely had strong support, and thus topological variations 

observed in independently derived trees are expected to have equal validity for the align 

datasets. However, topology tests do not take into account statistical support, which 

could be the reason that the IEP- and RNA-based trees appeared to conflict even for the 

simplest case of class A introns, in which a detailed inspection revealed only minor 

differences. An attempt to resolve this issue was to perform topology tests using 

collapsed trees (e.g. nodes with a bootstrap < 75% were collapsed), but unexpectedly, 

even more conflicts were uncovered. Therefore, the topology tests were considered less 

suitable for evaluating coevolution of IEPs and RNAs of group II introns that are more 

diverse in sequence and less robust in topology. Manual comparisons of tree topologies 

were performed in this project, but it would be beneficial to seek alternative methods to 

evaluate phylogenetic trees suffering from such issues. 

A novel approach not performed previously for group II introns was the construction of 

morphology-based trees. This approach successfully provided additional evidence for 

the currently inferred relationship between major classes that otherwise lacked statistical 

support. It might be argued that the steps of identifying and categorising morphological 

features involved my own judgment and might be subjective. However, the most recent 

RNA structural alignment for each class (refined along with Chapter III) was used during 

the grouping procedure to minimise the effects of bias. This time, each class was 

evaluated as one unit because these steps were time consuming and required a large 

amount of manual effort. An ideal situation would be using automatization to define and 

score different structural features, which would allow all introns to be included in the 

analysis and thus make the results directly comparable to sequence-based trees. 

However, this involves the correct differentiation among simple stem-loops in different 

lengths, stem-loops with internal loops or bulges, and/or the combination of many basic 

structural motifs. To correctly program such differentiation is unlikely to be achieved in a 

short term. Instead, as a more practical approach, the current morphological tree can be 

further refined by adding more examples selected from major clades of each class, and 

hopefully more insight can be gained to interpret the class-wide relationships, including 

the relationship between the two CL classes. 

 

In summary, by using various bioinformatic tools, not only has my work successfully 

demonstrated the utility of data mining of specific bacterial retroelements, but also 
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provided insights to our understanding of retroelement distribution, diversity in structures 

and functions, as well as their evolutionary histories. At present, bioinformatic tools have 

been incorporated in almost every field of biological research. While various tools are 

available for various tasks, each tool has its own advantages and disadvantages, and 

manual efforts still play an essential role to obtain high accuracy. Although absolute 

perfection may never be achieved in this regard, it is expected that additional 

bioinformatic tools in the future coupled with the rapidly growing machine learning 

methods will make predictions more accurate while requiring only a minimal amount of 

human-directed supervision. 
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Appendices 

Appendices A, B, D, E are provided in a zip file and is available on the University of 

Calgary thesis repository – The Vault (https://prism.ucalgary.ca/). 

 

Appendix A. Supplemental data for Chapter II. 

 

  

ID Filename Description 

A1 initial_tblastn
_query.fst 

Initial BLAST query sequences used at the beginning step of 
TBLASTN in FASTA format. 

A2 custom_rt_d
b.7z 

Custom database for RT classification. Both original sequences and 
the BLAST database generated by NCBI's BLAST+ suite are 
provided. The type of each sequence is included at the end of the 
name. 

https://prism.ucalgary.ca/
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Appendix B. Supplemental data for Chapter III. 

 

  

ID Filename Description 

B1 domain_map
.fst 

Domain map of all Classes A to ML. The alignment includes one 
representative sequences for each class. A sequence named 
"mask" is placed on top, which indicates selected positions within all 
RT motifs 0-7, as well as domains X and EN (if present). Digits "0-
7" correspond to RT motifs 0-7, "a" corresponds to RT motif 2a, "x" 
corresponds to domain X, and "E" corresponds to domain EN (only 
applicable to Classes B, CL1, CL2 and ML). 

B2 tree_by_phyl
a.png; 
tree_by_phyl
a_key.png 

The IEP-based phylogenetic tree of 1275 introns, colour coded by 
their phyla. Tree was constructed using RAxML with 1000 bootstrap 
replicates. Supported nodes (bootstrap >= 75%) are indicated by a 
black dot. The class of each intron is noted at the end of the intron 
name. Due to the large size of this figure, key colours are provided 
separately as "tree_by_phyla_key.png". 

B3 list_twintan.xl
sx 

List of unique twintron and tandem intron units. 

B4 genome_ma
p.7z 

Genomic mapping of group II intron and transposon-related 
elements in three sample genomes: CP013008 (Arthrospira 
platensis YZ),  FO818640 (Arthrospira sp. str. PCC 8005) and  
CP000393 (Trichodesmium erythraeum IMS101). The whole 
genome was searched for group II RNA and IEP segments using 
HMMER, and transposon-related elements were searched using 
the ISfinder web server. Figures are drawn to scale in SVG format. 

 

Hits to different elements are colour coded as below: 

Red: a match to domains I, II and III of the group II ribozyme; 
Blue: a match of domains V and VI of the group II ribozyme; 
Purple: a match to both 5'- and 3'-portions of the group II ribozyme, 
usually happens when the two portions of RNA overlap; 
Green: a match to the group II IEP; 
Light green: a match to any transposon-related element. 
Yellow shading: the corresponding intron is already recorded in our 
group II database. 

B5 db_stru.xlsx Description of fields for all tables in the order as labelled in Figure 
24. 
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Appendix C. Consensus structures of Classes A, G and H. 

The consensus sequence was created from the structural RNA alignment, using a 

sequence identity threshold of 100%, 90% and 100% for Classes A, G and H 

respectively. Major tertiary interactions are shown in red circles or boxes. Areas in blue 

dashed boxes show alternative structures conserved in specific subsets. Classes A and 

G were noticed to have two potential stem-loops for EBS1, which are shaded in yellow. 

For Class A, the ID(iii)2-like structure is shaded in green, which is not found in other 

classes except for ML. 
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Appendix D. Supplemental data for Chapter IV. 

  

ID Filename Description 

D1 taxalist.xlsx List of taxa used in this project. Worksheet "intron_taxa" lists all 
group II introns. The "GC-IEP" and "GC-RNA" columns give the GC 
content of ranges of IEP only and the entire RNA. Columns "taxon 
1-4" correspond to the four subsets for taxon sampling, column "GC 
bias" corresponds to the GC-content based sampling, and column 
"external" corresponds to the representatives used while being 
aligned to external RTs. 

Worksheet "external" lists all non-group II sequences. The source of 
sequence is listed in column "Database/Source", which is either a 
sequence database or a research article (provided as doi). The 
column "Accession" indicates either the accession number if the 
sequence is in a database, or the sequence name if it was from a 
research article. The column "Range" is only applicable to 
sequences from NCBI's nucleotide database, the start and the end 
is separated by a double-dot "..", and parentheses indicate the 
sequence is on the complementary strand. 

D2 morphology.x
lsx 

Morphological characters for each class and unclassified introns. 
Each class was treated as a single taxon, and all six unclassified 
introns were included. 

D3 sh_test.xlsx Results of SH topology tests. The SH test was performed within 
each class by programs PAML and CONSEL. The input tree list 
included all class-specific trees as well as subtrees extracted from 
global trees, which was compared individually to class-specific 
alignments after applying every sequence mask. The significance 
level was set to α = 0.05. A plus sign "+" indicates values higher 
than the significance level (pass the SH test). "N/A" indicates the 
corresponding mask was not available. 
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Appendix E. Supplemental data for Chapter V. 

 

  

ID Filename Description 

E1 seeds_for_u
pdate.txt 

Query sequences used in the second update in 2016. Both the new 
IDs and old identifiers are given. 

E2 dgr_master.x
lsx 

Master table of the 372 unique DGRs. "ST1" contains the compiled 
information of DGRs, "ST1b" contains descriptions of each column 
in "ST1". "ST2" contains informations of ORFs between known 
DGR components. "ST3" contains description of domains grouped 
by the TG category. This is the same file as provided to the 
publication. 

E3 tr_vr.7z TR-VR alignments of DGR. Alignments are organised by the VR 
class in HTML format. Both the VR and TR sequences as well as 
their corresponding proteins are provided. Canonical A-to-N 
mismatches are highlighted in yellow, and other mismatches and 
indels are highlighted in green. This is the same file as provided to 
the publication. 

E4 stemloop.tsv.
txt 

Predicted stem-loops. The boundary of the stem-loop, the folding 
direction given in Vienna format and the distance to the VR are 
given. In the "eval" column, "2" and "1" correspond to "high" and 
"low" confidence respectively. Sequences without a potential stem-
loop are omitted. 
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Appendix F. Additional figures showing the correlation between selected 

factors and the RT-based phylogenetic tree. 

F1. Minor VR classes 
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F2. TG domain composition 

 



169 
 

F3. The accessory gene AVD 
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F4. Other minor accessory genes 
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F5. Architectures 
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F6. Phage association 
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F7. Phyla of host organisms 
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F8. Position of VR in TG 

 

 


