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Abstract

Mobile DNAs, also known as transposons or “jumping genes”, are widespread in nature and
comprise an estimated 45% of the human genome. Transposons are divided into two general
classes based on their transposition intermediate (DNA or RNA). Only one subclass, non-LTR
retrotransposons, is currently active in humans as indicated by 96 disease-causing insertions.
These autonomous Long INterspersed Element-1s (LINE-1s or L1s) are capable of
retrotransposing not only a copy of their own RNA but also other RNAs (Alu, SINE-VNTR-AIlu
(SVA), U6) in transto new genomic locations through an element encoded reverse transcriptase.
L1 can also retrotranspose cellular mRNAs, resulting in processed pseudogene formation. Here,
we highlight recent reports that update our understanding of human L1 retrotransposition and their
role in disease. Finally we discuss studies that provide insights into the past and current activity of
these retrotransposons, and shed light on not just when, but where, retrotransposition occurs and
its part in genetic variation.

INTRODUCTION

Transposons are present in all eukaryotic genomes sequenced to date, with their abundance
and diversity differing across species. There are two different classes of transposons: DNA
transposons are DNA sequences which move by a cut-and-paste mechanism via an element-
encoded transposase, and retrotransposons, DNA sequences that transpose through an RNA
intermediate by a copy-and-paste mechanism.

Retrotransposons are subdivided into those sequences that contain Long Terminal Repeats
(LTR) and those that do not (hon-LTR). The LTR subclass retrotransposes by a mechanism
reminiscent to that used by retroviruses. For brevity, this review focuses on the non-LTR
subclass, the only elements thought to be currently active in humans. We refer the reader to
excellent reviews on DNA transposons [1] and LTR elements [2-4].

A substantial fraction of the human genome, > 30%, is derived directly or indirectly from
LINE-1 retrotransposon activity [5]. Despite the presence of more than 500,000 copies in the
human genome, most L1s are inactive due to point mutations, rearrangements, or truncations
with only a subset, an estimated 80-100 elements [6], currently active in any individual.
Most retrotransposition in the human population is thought to be the consequence of highly
active, or “hot”, L1 loci that constitute a small minority of total active L1s [6], with many of
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these being population-specific elements [7,8] or unique to a particular individual, also
known as private.

A full-length human L1 is ~6.0 kb in length (Figure 1A), contains an internal promoter
located in the 5’-untranslated region (UTR) and two non-overlapping open-reading frames
(ORF1 and ORF2), separated by a short inter-ORF spacer (Reviewed in [9]). Both ORFs are
required for L1 retrotransposition (Reviewed in [9]). ORF1 encodes a 40 kDa protein
(ORF1p) that contains a coiled-coiled domain (CC), a non-canonical RNA recognition motif
(RRM) domain [10] and a basic C-terminal domain (CTD).

ORF1p shares little to no homology to known proteins, leaving its origins and its role in
retrotransposition unknown. Mouse ORF1p has demonstrated nucleic acid chaperone
activity /in vitroand forms a trimer resembling that of an asymmetric dumbbell [11] which
has been confirmed by solution of the crystal structure of the human L1 ORF1p trimer [12].
Now questions, such as how L1 RNA interacts with the ORF1p trimer along with how
ORF1p interacts with itself and perhaps other cellular proteins can be modeled. Surprisingly,
it appears that L1 RNA may wrap around the ORF1p trimer, rather than be coated by ORF1
protein [12].

ORF2 encodes a 150 kDa protein (ORF2p) that contains endonuclease (EN) [13] and reverse
transcriptase (RT) activity [14]. ORF2 has two other conserved domains, the Z domain and
cysteine-rich motif (C-domain), of unknown function. The Z domain is just proximal to the
RT domain and mutations in this domain can abolish reverse transcriptase activity in vitro
[15]. Mutations in the C-domain abolish engineered L1 retrotransposition [16] and decrease
ORF2p in L1 RNPs [17].

L1s contain their own polyA signal (AATAAA) in a short 3’-UTR, however this polyA
signal is commonly read through during transcription generating “chimeric” L1 transcripts
that usually contain 3’-flanking sequence along with L1 sequence [16,18,19].
Retrotransposition of these chimeric transcripts will result in 3’-transduction, a process
which is estimated to occur for ~15-23% of all genomic L1s [20-22]. SVA elements also
commonly transduce 3’-flanking sequence to new genomic locations with ~10% of SVASs in
the human genome containing a 3’-transduction event [23,24]. If the sequence downstream
of the L1 or SVA contains coding sequence, retrotransposition may result in exon-shuffling
[19,24] as in the case of the acyl-malonyl condensing enzyme 1 (AMACJI) gene expansion
in hominids [24]. In this example, the two-exon AMACI cDNA was retrotransposed as part
of an SVA 3’-transduction to three different genomic locations [24]. Often, depending on
the age of the insertion or degree of 5’-truncation, the L1 or SVA sequence may be absent at
either the source [25] or insertion locus, respectively.

L1 proteins preferentially retrotranspose the RNA from which they were translated over
other L1 RNAs by an order of magnitude [26,27], a phenomenon termed c/s preference.
Although, the propensity exists for L1 to mobilize itself, paradoxically, other RNAs, such as
SINEs [28] (Alus) [29,30], SVAs [31,32,40], U6 [33-35] and other cellular transcripts
[27,36] are commonly retrotransposed by L1. Alu SINE is the most abundant [5], and
currently most active retrotransposon in humans with >1 million copies. Alus evolved from
7SL RNA and are primate-specific SINEs (Reviewed in [37]). Alus are 300bp Pol 111 RNAs
that contain an internal A and B box, an internal A-rich region which separates the left
monomer from the right monomer, and end in a polyA tail (Reviewed in [38]) (Figure 1B).
These elements are thought to localize to the ribosome, via SRP9/14 binding, and it is here
where the Alu RNA is hypothesized to interact with the nascent L1 ORF2 protein [29]. A
mutation in the Alu SRP 9/14 binding site in the left monomer severely attenuates
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retrotransposition while a double mutation in the Alu SRP 9/14 binding sites, one in each
monomer, abolishes engineered Alu retrotransposition [39].

SVA elements are ~2.0 kb hominid-specific non-coding RNAs [23] derived from different
genomic repeats (Figure 1C) and mobilized by L1 in trans [32,40]. There are more than
2,700 SVAs in the human genome reference. Canonical SVAs, starting at the 5’-end, contain
a variable number of CCCTCT repeats, an Alu-like domain consisting of two antisense Alu
fragments, a GC-rich variable number of tandem repeats (VNTR) domain (unit size 36-42
bp and 49-51 bp [31]), and a SINE-R domain which is derived from the envelope (env) gene
and right LTR of an extinct HERV-K10 (Reviewed in [41]). SVAS contain a canonical
polyA signal (AATAAA) and genomic insertions terminate in a polyA tail. Other RNAs,
such as U6 small RNAs [33,34], tend to be retrotransposed by L1 via a template-switching
mechanism during reverse transcription [35].

Approximately 8000 processed pseudogenes [36], i.e., retrotransposed cellular mMRNAsS,
have been identified in the human genome reference sequence. Processed pseudogene
formation is thought to occur infrequently /n7 vivo as no retrotransposed cellular RNA
insertion has resulted in human disease and pseudogene formation is rare in cultured cells
[26,27]. Despite this, it is possible that polymorphic human processed pseudogenes may
contribute significantly to phenotype, as an expressed FGF4 processed pseudogene insertion
causes short-legged chondrodysplasia in specific-dog breeds [42] and insertion of a
Cyclophilin A cDNA into the TRIMS5 gene of the owl monkey confers HIV resistance in that
species [43]. L1 and L1-mediated retrotransposition events (Alu, SVA, U6, processed
pseudogenes) share similar structural features: 1) polyA tail of variable length, 2) insertion
at a DNA sequence resembling the L1 EN consensus cleavage site (5°-TTTT/AA-3"), 3) 5’-
truncation, 4) 5’-inversion, and 5) a target-site duplication flanking the insertion (~4-16 bp
in length) (Reviewed in [44]).

MOLECULAR MECHANISM OF RETROTRANSPOSITION

General steps in the non-LTR lifecycle have been defined [9] in the context of L1 and other
non-autonomous elements, yet the precise details remain obscure. Presumably concomitant
with translation, the nascent L1 proteins form a ribonucleoprotein (RNP) complex with the
encoding L1 RNA. This RNP is shuttled back into the nucleus, where reverse-transcription
occurs at the site of integration, a process termed target-primed reverse transcription (TPRT)
[45]. TPRT has been elegantly characterized at the biochemical level, first using the R2 non-
LTR retrotransposon from Bombyx mori [45,46] and more recently human L1 [47].

For some time it has been difficult to work with the L1 proteins. Recent tagging of the
human L1 proteins has made it possible to visualize not only ORF1p but the ever-elusive
ORF2p with L1 RNA [17,48]. Mutation of highly conserved amino acids has shed light on
residues that are important for retrotransposition in cell culture, but frequently, the precise
mechanism remains unknown. These tagging approaches coupled with RNP purification via
sucrose gradients [49,50] are providing unprecedented insight into the presence of L1
proteins in the RNP, whether L1 RNA is still bound, and the cellular localization of the RNP
components. Tagged L1 proteins should enable identification of proteins and RNAs
interacting with L1, and provide a high-resolution, comprehensive map of L1 protein/RNA
binding sites.

INSERTIONS AND DISEASE

At the time of submission, we were able to find 96 (Table 2, 25 L1, 60 Alu, 7 SVA, or 4
polyA) retrotransposition events in the literature resulting in single-gene disease (Table 2,
Reviewed in [44,51,52]). A new study characterizing mutations in Neurofibromatosis type 1
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identified 18 retrotransposon insertions (14 Alu, 3 L1, 1 polyA) [53]. Highlighted in this
report [53] is that six of the insertions occurred at three-specific insertion sites. Altogether,
there are now 6 genomic locations at which two different insertions have independently
occurred [53] (Table 2, Reviewed in [51]).

Disease-causing insertions are very useful from a biological standpoint as they can help
identify active elements [54] and in the past, they illuminated such phenomena as 3’-
transduction [18], and insertion-mediated deletion [55,56], among others. Likewise,
preexisting insertions may also be deleterious by mitigating non-allelic homologous
recombination (NAHR) [57]. Many reports have described pathogenic, non-pathogenic, and
species-specific mobile element NAHR events [58,59].

Of late, disease-causing insertions have revealed an insertion in the DMD gene lacking
retrotransposon sequence due to severe 5’truncation of the L1 RNA [8]. With the breadth of
many non-reference L1s containing 3’-transductions [60] and our previous report of an
SVA-mediated orphan 3’-transduction into the SPTA gene [31], it is likely many orphan 3’-
transductions are misclassified initially or missed altogether. These reports highlight, that
the origin of small insertions (~200-1000), perhaps identified through CNV analysis, that
contain no retrotransposon sequence, may indeed be L1- or SVA-mediated 3’-transductions
with severe 5’ truncation during TPRT.

Another example (Table 2, [61]) indicates internal priming by L1 RT [49,62] occurred at an
internal L1 RNA A-rich stretch, resulting in a 3’-truncated L1 insertion [63] in the £YAZ
gene [61]. Furthermore, it became clear while annotating the TSDs and L1 EN cleavage
sites (consensus bottom strand 5’-YYYY/RR-3’, where Y represents pyrimidine and R
represents purine) for the disease-causing insertions that there were a subset of 5 that had
poor EN cleavage sites (YYYY/YN). Poor endonuclease cleavage sites had been noted
previously in experimental systems and /n vivo [51,64]. Recently, a study modeling L1
retrotransposition at telomeres [65] /n vitro [66] noted removal of 3’-nucleotides, hereafter
referred to as 3’-processing, of the primer in an L1 RNP ORF2p reverse transcriptase assay.
This 3’-processing may be due to an exonuclease activity present in the L1 RNPs [66] and
may be the same cryptic nuclease activity identified in an /n vitro TPRT assay associated
with L1 ORF2p [47]. In light of these data, the most parsimonious explanation for atypical
EN sites for disease-causing insertions (3 Alu, 1 L1, 1 SVA, Table 2) is that these target-
sites underwent 3’-processing (1-3 nt) of the bottom strand prior to reverse transcription and
that this processing occurred until a stretch of at least 2 Ts were reached on the bottom
strand. Finally, we hypothesize that most genomic insertions with atypical L1 EN sites
(YYYY/YN) [64] likely represent an actual L1 EN site (YYYY/R) 1-3 nts upstream of the
atypical site and 3’-processing of the bottom strand prior to reverse transcription.

Disease-causing insertions also provide insight into mechanisms by which retrotransposons
may alter gene expression. In Toda and colleagues’ new report [67], the authors demonstrate
splicing into the SVA in the 3’UTR of the fukutin gene, which is present homozygously in
most individuals with Fukuyama muscular dystrophy. This splicing results in an alternative
C-terminus of the fukutin protein and ultimately mislocalization of the protein. Additional
experiments detected SVA alternative splicing in two other examples of genetic disease in
cell lines derived from individuals homozygous for a genic SVA insertion. These data along
with previous reports [68—70] suggest that homozygosity for an SVA insertion in the sense
orientation of a gene will result in loss of gene function.

TIMING OF RETROTRANSPOSITION

Previously, most retrotransposition was thought to occur in the germline. Slowly, over the
past several years, evidence has mounted from different experimental systems and from
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analyses of disease-causing insertions, suggesting that most retrotransposition may be
occurring in the soma, and in particular early development. The first report of a somatic L1
insertion was located in the APC gene in an individual with colon cancer [71]. This insertion
was present in the cancer and not in the normal colonic tissue. More recently, analyses of a
family with a de novo L1 insertion into the CHM gene [72] revealed that the mother of the
patient was a germline and somatic mosaic for the L1 insertion causing the disease. As
disease-causing insertions are overall rare, a significant source of our understanding of L1
retrotransposition, /7 vivo, comes from mice carrying L1 transgenes [73-79].
Retrotransposition from engineered native human, mouse, or synthetic mouse L1s in mice
and rats results in frequent somatic retrotransposition [76,77]. Unexpectedly, most insertions
from L1 transgenes in mice and rats are somatic and not inherited [76].

Somatic retrotransposition may play a role in tumorigenesis. Nine tumor-specific L1
insertions were identified in 20 lung cancer samples. The six samples with somatic L1
insertions (1-3 new insertions per tumor) also displayed a hypomethylated DNA profile
relative to the matched normal tissue [80]. While in the same study, no somatic L1 or Alu
insertions were identified in brain tumors. Whether new retrotransposition events are driver
or passenger mutations, i.e., whether insertions are causative of cancer or merely occur due
to an unstable epigenetic state, is likely being addressed. Further evidence for somatic L1
activity comes from cell culture retrotransposition assays. Engineered L1s readily
retrotranspose in human embryonic stem cells [81], induced pluripotent stem cells [82], and
different teratocarcinoma cell lines [83]. Likewise, engineered Alu retrotransposition has
been documented in human embryonic stem cells [130].

Some of the most intriguing reports, regarding somatic insertions, are those that describe
engineered L1 retrotransposition in rat and human neural progenitor cells (NPCs) along with
the hippocampus. Using gPCR, it was estimated that there may be ~80 new L1 insertions/
NPC in the human brain and that individuals with Rett syndrome, a genetic disorder caused
by mutations in Mecp2, have an increased L1 sequence load [88]. Even more surprising is
the >20,000 potential somatic L1, Alu, and SVA insertions in human hippocampus and
caudate nucleus identified by Baille et al. [84] using retrotransposon array capture followed
by high-throughput sequencing. This number, >7,000 L1, >13,000, Alu, >1250 SVA
insertions is five times the number of non-reference L1s and two times the number of non-
reference Alu insertions identified in targeted re-sequencing studies [85-87]. This new work
not only corroborates previous reports about L1 retrotransposition in the brain [79,88,89],
but is the first report to document Alu and SVA retrotransposition in the human brain. The
high validation rate of a subset of somatic L1 (14/14) and Alu (12/15) insertions in the tissue
in which the insertions were identified suggests that many are true insertions [84].

The majority of the somatic insertions identified in this study belong to the known active
subfamilies (L1-Ta, AluYa5, AluYb8, and other AluY's) with a subset belonging to the older
AluS and L1PA2 subfamilies. AluS and PA2 elements are thought to be primarily inactive,
because only one disease-causing insertion is associated between the two of them and most
PA2s do not contain intact ORFs [90]. Data from cell culture has demonstrated that AluS
[39] and L1-Ta elements lacking intact ORFs [26,27] are frans-maobilized by active L1s at a
modest level and thus could be retrotransposition-competent sequences 77 vivo.

HOST CONTROL

The location and timing of retrotransposition dictates how it is controlled. Similar to other
genes, L1s are regulated at various steps in gene action [9], including transcription (SOX2,
MECPZ RUNXS3, piRNA pathway), post-transcription (translational control of ORF2p), and
likely post-translation (APOBEC3 protein family). One of the primary ways to control
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retrotransposition is to inhibit retrotransposon expression. Inhibition of retrotransposon
expression occurs through extensive DNA methylation at retrotransposon promoter
sequences (Reviewed in [91]). In mice, germline-specific Argonaute proteins, specifically
the PIWI clade (Reviewed in [92]), along with DNMT3L [93] have been implicated in
establishing DNA methylation patterns at retrotransposon loci via small RNAs. Male mice
homozygous null for either M/L/[94] or M/WI2[95,96] display loss of DNA methylation at
retrotransposon loci and show an increase in retrotransposon mRNA expression. These male
mice are sterile, with testes being reduced in size. Whether the sterility is due to new
retrotransposon insertions or another cause is unknown.

Along these lines, SVA elements are known to be extensively methylated in most human
tissues [97] and human embryonic stem cells [98]. Strikingly, SVA DNA in human sperm is
primarily hypomethylated while in chimpanzee sperm it remains methylated [98]. One
potential explanation for this difference is the presence or absence of a species-specific
factor that plays a role in the establishment or maintenance of SVA DNA methylation.
SVAs contain numerous CpGs, especially in the VNTR domain, and it has been postulated
that SVAs may act as species-specific CpG islands [99]. The nature and number of SVA
VNTRs likely differ across individuals as tandem repeats are highly mutable. Thus, it is
tempting to speculate that SVAs residing in introns of genes, ~1000 in the human genome
reference, may alter the expression of genes in a manner that correlates with their VNTR
copy number. Less is known about the chromatin state at retrotransposon loci. No obvious
histone modification pattern for L1, Alu, or SVA has yet been reported that parallels DNA
methylation. It appears that chromatin surrounding new insertions from engineered L1s in
some cell types is rapidly deacetylated [83].

ACTIVE RETROTRANSPOSITION GENERATES GENETIC VARIATION

Previous methods to identify non-reference insertions were modified and/or scaled up using
high-throughput sequencing [80,100,101] or other genome-wide approaches [7,60,102,103].
These studies identified many previously unidentified L1 and Alu insertions. Surprisingly,
two HERV-K polymorphisms were identified [60]. With a large collection of
retrotransposon insertions from targeted-retrotransposon resequencing coupled with whole-
genome resequencing efforts (i.e., 1000 genomes project [85,86,104,105]) it becomes
possible to update previous estimates of germline retrotransposition frequencies (L1 ~1/100,
Alu ~1/20, and SVA ~1/916) [100,103,126,127,128] and the number of insertions within the
human population (3,000-10,000 L1 insertions with gene frequencies >.05) [100].

The knowledge of many polymorphic retrotransposon insertions will be powerful for several
reasons: 1) In population genetics, retrotransposons are very useful because they exhibit no
homoplasy, 2) Shared sequence characteristics of recently retrotransposed elements will help
generate hypotheses, such as which nucleotides are most important for activity, 3) They
provide markers for disease associations or other phenotypes such as gene expression levels.
For the last point, unlike single-nucleotide polymorphisms (SNPs), retrotransposons may not
just be linked to the causal variant, but may indeed be the causal variant. There are
numerous ways by which L1, Alu, and SVA may disrupt gene expression (Reviewed in
([41,106,107]) with the two primary mechanisms being 1) insertional mutagenesis and 2)
aberrant splicing (Table 2).

CONCLUSIONS

The current sequencing technology and new tools, such as the luciferase retrotransposition
indicator cassette [108], provide an unprecedented opportunity to explore biological
questions regarding retrotransposons and retrotransposition. It is not surprising in the age of
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genomics that active and inactive human retrotransposons show up in most areas of human
genetics. At present, the impact of somatic retrotransposition is still unclear. Most somatic
insertions will be present in only a small subset of cells. Taken together with the limited
number of genes thought to be haploinsufficient in the human genome (~700), most
insertions are likely to be benign. Rather, these insertions may act in such a way as to
slightly perturb gene expression networks within specific neurons. With improving
technology and the vast number of human genomes being sequenced, the catalog of
polymorphic retrotransposons should increase dramatically.

THREE BIG PRESSING QUESTIONS
1. Where and how often do somatic insertions occur?
2.  What is the impact and/or consequence of retrotransposition in the brain?
3. What is the role, if any, of retrotransposons in cancer?

One final question is, Do retrotransposons matter in man? We think so, but time will tell.
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Figure 1.

Active Human Retrotransposons: The three active human retrotransposons are diagrammed
with appropriate domains indicated. A) A full-length LINE-1 (L1), 6kb [111,112], in the
human genome is shown. L1s have a strong promoter (black bent arrow) located in the 5’-
UTR along with a weaker antisense promoter on the bottom strand [113] (smaller black bent
arrow). Intact L1s contain two non-overlapping ORFs (ORF1 and ORF2) that encode a
40kDa RNA binding protein (ORF1p) [114] and a 150 kDa protein (ORF2p) with
demonstrated DNA endonuclease (EN) [13] and reverse transcriptase (RT) [14] activity. L1
RNAs commonly terminate via a canonical polyA signal (AATAAA) in the 3’-UTR, but do
frequently bypass this transcription termination signal for a downstream polyA signal in the
3’-flanking DNA [16,18,20,21]. On the antisense strand, human L1s have a strong polyA
signal that in conjunction with the antisense promoter may result in gene-breaking if the
insertion is in opposite orientation of the transcriptional unit [115]. L1 genomic insertions
terminate in a polyA tail (AAAn) of varying length and are flanked by a TSD (4-16bp in
length, black horizontal arrow). UTR = untranslated region, CC = coiled-coiled, RRM =
RNA recognition motif, CTD = C-terminal domain, EN = endonuclease, C = cysteine-rich
domain, TSD = target-site duplication. B) A full-length Alu, ~300 bp, containing an internal
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RNA Pol 111 promoter (A and B box, black boxes) at its 5’-end is shown [38]. Alus were
generated from a dimerization event of two 7SL RNA sequences (Left and Right monomer).
Alu genomic insertions terminate in a polyA tail and, similar to L1, are flanked by a TSD
(black horizontal arrow). Alu transcripts terminate at RNA Pol 111 terminator sequences
(TTTT) located in the downstream flanking sequence. C) A full-length canonical SINE-
VNTR-AIu (SVA) consisting of in order from the 5’-end 1) CCCTCT repeat of varying
length, 2) sequence sharing homology to two antisense Alu fragments (Alu-like), 3) variable
number of GC-rich tandem repeats, unit size 36-42 bp and 49-51bp, and 4) a partial
envelope (env) and right LTR sequence derived from an extinct HERK-K10 (SINE-R)
[31,97,116,117]. SVAs are RNA Polll transcripts, however whether SVAs encode their own
promoter is unknown. Transcription of SVA RNAs may occur upstream (black bent arrow)
of a genomic SVA or may be initiated throughout the SVA (black bent arrow) [68,69].
Similar to L1, SVA RNAs terminate at a polyA signal (AATAAA) located at the 3’-end of
the SINE-R, but may also bypass this signal for a downstream polyA signal [31, 23, 24].
Likewise, SVAs genomic insertions also terminate in a polyA tail (AAAn) and are flanked
by a TSD. Note elements are not drawn to scale.
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Table 1

Summary of Human non-LTR Retrotransposon Biology

Element Copiesin human genome (%)
L1 516,000 (17)
Alu 1100,000 (11)
SVA 2,700 (0.2)
Known Polymorphic Elements
L1 ~1,5007
Alu ~6,7002
SVA ~1504
Total 8,350
Potentially Active Elements Per Haploid Genome
L1 ~40-502
Alu ~852(,‘
SVA ~20-509
Disease-Causing Insertions€
L1 25
Alu 60
SVA 7
polyA 4
Total 96
Somatic Insertions”
L1 ~8,000
Alu ~14,000
SVA ~1300
Total >23,000
Retrotransposition Rates (Live births)d
L1 ~1/100
Alu ~1/20
SVA ~1/916"
Estimated number of retrotransposition events causing single-gene disease 500/yri

“[107]
85-87]

%e1
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C, . .
This number represents Alu elements that are consensus in the human genome reference [39].

This estimate is based upon the seven disease-causing SVA insertions which likely come from different source loci with at least one belonging to
a multi-member transduction group with more than one full-length element.

CTable 2

841

91100,102,103, 126-128],
103

18]
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