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Nearly all eukaryotes carry DNA transposons of the Robertson’s Mutator (Mu) super-
family, a widespread source of genome instability and genetic variation. Despite their
pervasive impact on host genomes, much remains unknown about the evolution of these
transposons. Transposase recognition of terminal inverted repeats (TIRs) is thought to
drive and constrain coevolution of MuDR transposase genes and TIRs. To address the
extent of this relationship and its impact, we compared separate phylogenies of TIRs
and MuDR gene sequences from Mu elements in the maize genome. Five major clades
were identified. As expected, most Mu elements were bound by highly similar TIRs from
the same clade (homomorphic type). However, a subset of elements contained dissimilar
TIRs derived from divergent clades. These “heteromorphs” typically occurred in multiple
copies indicating active transposition in the genome. In addition, analysis of internal
sequences showed that exchanges between elements having divergent TIRs produced
new mudra and mudrb gene combinations. In several instances, TIR homomorphs
had been regenerated within a heteromorph clade with retention of distinctive internal
MuDR sequence combinations. Results reveal that recombination between divergent
clades facilitates independent evolution of transposase (mudra), transposase-binding
targets (TIRs), and capacity for insertion (mudrb) of active Mu elements. This mech-
anism would be enhanced by the preference of Mu insertions for recombination-rich
regions near the 5’ ends of genes. We suggest that cycles of recombination give rise to
alternating homo- and heteromorph forms that enhance the diversity on which selection
for Mu fitness can operate.

MULE | TIR | Muelement | transposase | MuDR

Mutator (Mu) transposons of Zea mays (maize) comprise the most highly active transposon
system thus far described in plants (1, 2) and provide a model for the study of DNA-type
transposons in eukaryotes (3). Since their description by Donald Robertson (4), the
Mutator (MuDR) system has led to the identification of a diverse superfamily termed
Mu-like elements (MULEs). These are widespread among eukaryotes, occurring in fungal,
plant, and animal genomes (5-7) where they are major contributors to genome evolution
(8). More distant relatives of MULESs have been identified even in prokaryotic genomes
(9, 10). The maize genome includes at least four MULE families, including the MuDR
family, each with distinct TIRs (terminal inverted repeats) and autonomous element
compositions (3, 11, 12). Here, we focus specifically on the MuDR family of elements in
maize due to its accessibility, the presence of separate mudra and mudrb genes, and our
experience using this system for large-scale transposon mutagenesis (13—16). Results may
be broadly applicable to MULEs throughout the eukaryotes.

The MuDR transposon family is characterized by highly conserved TIR sequences
between 150 and 250 nucleotides long, positioned at each terminus, and oriented in
opposite directions (2, 3). The TIR sequences are shared between autonomous and non-
autonomous elements and are critical for transposon functionality since they contain
binding sites for the transposase enzyme that catalyzes transposition (2, 17, 18). Between
the conserved TIRs, the internal sequences of Mu transposons are highly diverse. These
regions can carry deletion derivatives of autonomous elements (19) or fragments derived
from captured host sequences (20-22). The first Mu elements to be identified were named
Mul through Mul9 based on the order of discovery and distinctive internal features
(23-32). The abundance and locations of Mu elements can vary widely among maize
lines, changing with MuDR activity and genetic background. Previous examinations of
the B73 maize genome revealed 276 apparent MuDR family elements (22).

The Mu system has been an invaluable source of insertional mutagenesis, with several
important characteristics making it particularly suitable for inducing loss-of-function
alleles. These characteristics include high mutagenicity, a propensity for transposing into
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genic sequences where loss-of-function mutations are likely, and
straightforward detectability using simple molecular tools.
Additionally, MuDR elements in maize form a two-component
system in which selecting for activity of a few autonomous ele-
ments can facilitate control of many potentially transposable and
nonautonomous elements (2, 14, 33).

'The regulation of multiple M transposons by a single autono-
mous element is evident in Mu-active populations derived from
Robertson’s Mutator stock, where transposition of these elements
is mediated by the MuDR transposase (2, 14, 28-30, 34, 35).
Internal to the conserved TIRs of MuDR are the mudra and mudrb
genes which encode the MURA and MURB proteins. Together,
these catalyze transposition of the transposable Mu elements in
Mu-active populations. Both MURA and MURB are required for
generation of new germinal insertions (17, 18, 36). The MURA
can mediate Mu element excision in the absence of MURB, but
MURB appears essential for insertion of excised elements (3, 36, 37).
Intriguingly, MURB appears to be a distinctive feature of the MuDR
subfamily of MULEs. The MuDR TIRs contain promoters for the
mudra and mudrb genes (29, 38). Although the specific mode of
action for MURA/MURB has not been elucidated, it is likely sim-
ilar to other class Il MULE transposons such as mutal from Aedes
aegypti (6).

Key features of the MuDR-class transposable elements impact
their host genome and distinguish them from other transposon
systems. First, MuDR-class transposons are not preferentially
targeted to linked sites (33, 34) such as observed for the Ac/Ds
transposable-element system (39). Although Mu elements report-
edly show some degree of sequence-dependent insertion (31, 40),
they can generally insert into sites throughout the genome.
Second, MuDR-type elements have a strong insertional bias for
recombination-rich, genic sequences (33, 40—43), specifically
near the 5" regions of expressed genes (14, 31, 43, 44). This
targeting tendency for Mu elements leads to frequent insertions
in the 5'-untranslated region (UTR) and upstream regulatory
sequences of genes where they can alter expression without dis-
rupting coding sequences (13, 14, 44). Mu insertions in or near
genes can have diverse effects, including increased or decreased
gene expression (22, 45) along with increased rates of recombi-
nation and gene conversion (46, 47). These impacts contrast with
the highly abundant retrotransposons, which do not preferentially
target genic regions and appear to be recombinationally inert
(48-50).

Here, we focus on the evolution of the MuDR-class transpos-
ons. We show that extensive recombination among five divergent
clades of Mu transposons identified in the maize genome has
facilitated semi-independent evolution of TIRs and internal genes
for transposase (mudra) and capacity for insertion (mudrb).
Phylogenetic analysis indicates that Mu elements evolve through
a cycle in which divergent elements recombine to form active
transposons with dissimilar TIRs (heteromorphs) followed by
conversions that form elements with nearly identical TIRs (homo-
morphs). Recombination between M transposons is likely pro-
moted by preferential insertion of Mu elements in compact,
recombination-rich regions near transcription start sites of maize
genes. We suggest that cycles of recombination give rise to alter-
nating heteromorph forms that enhance the diversity on which
selection for Mu fitness can operate.

Results

Mu Insertions Identified Bioinformatically in the B73 Genome.
To explore and capture the diverse sequences of MuDR-family
transposons in the B73 inbred, its genome (v4) was queried
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Table 1. The five major phylogenetic groups of TIRs
from B73 are similar in size, although within-group
sequence diversity and proportion of paired TIRs are
variable.

Pairwise Identical
No. of identity sites within ~ TIRs
Classification TIRs  within group group paired
Group 1 88 80.1% 12.8% 95.5%
Group 2 132 75.0% 9.0% 90.1%
Group 3 90 82.2% 20.5% 96.7%
Group 4 84 72.7% 7.5% 72.6%
Group 5 54 74.2% 14.8% 77.8%
Combined 448 58.4 1.0% 86.4%

Group 4 and group 5 are least conserved and have fewer paired TIRs than other groups,
indicating a more ancient origin.

via sequential BLAST analyses using the terminal 150 bp TIR
sequence of MuDR. Each new TIRidentified this way (481) was
used to build a Mu-TIR database (Dataset S1) that included
genome location, TIR sequence, and target site duplication (TSD)
(the 9-bp direct repeat Mu elements generate upon insertion).
TSDs were used to group TIRs located within 100,000 bases
and positioned in opposite orientations together as putative left
and right arms of single Mu elements. Nonexact TSDs that were
recognizably similar were also used to help group TIRs of the
same Mu element. TIRs that were missing their extreme termini
(thus lacking TSDs) were also grouped if they were oriented in
opposite directions and positioned within 10,000 bases of one
another. This method for mining and informatically joining
TIRs allowed 86.4% of the TIRs to be paired into single-
element configurations (Table 1). In this way, 210 putative
intact Mu elements were identified (S/ Appendix, Table S1). The
remaining TIRs 1) terminated at a gap in the genomic sequence,
2) appeared to have lost one recognizable TIR, or 3) occurred as
tandem TIRs within a single element. To facilitate referencing of
specific elements discussed in this study, each TIR was assigned a
unique alphanumeric code to indicate chromosome number and
orientation such that 1A-L designates the left (5") TIR of the first

Mu element on chromosome 1.

Phylogenetic Relationships among the B73 Mu Transposons.
To classify the relatedness of Mu transposons, we analyzed the
phylogeny of TIR sequences. Five major groups emerged from
among the 448 bioinformatically identified TIR sequences of
at least 100 bases. Sequences for the TIRs of the named Mu
elements (Mul through Mu19) were also included (Fig. 1). Group
1 included the named elements Mu ! through Mu19. Connecting
the left and right arms of individual Mu elements revealed that
most had highly similar TIRs belonging to the same phylogenetic
group, here termed homomorphic Mu elements. Not uncommon,
however, were instances in which the two arms of a single Mu
element belonged to phylogenetically distinct groups that we
have termed heteromorphic Mu elements. Importantly, these
heteromorphs have internal sequences and TSDs characteristic
of intact, transposable elements. In addition, four independent
groups of heteromorphic Mu elements all appear to have previously
undergone germinally heritable transposition (see clusters of pink
and blue arcs connecting the left and right arms of independent
insertions in Fig. 1). Although there are several group 1 elements
with TIRs phylogenetically distant from each other (including
Mul19), these sequences are nonetheless similar enough to remain
in the same clade and are thus considered homomorphic. Unpaired
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Fig. 1. Mu-element TIRs of maize are grouped phylogenetically and shown with overlaid arcs that link the left and right arms of individual transposons. Five
distinct clades of TIRs emerge in a neighbor-joining tree generated by ClustalW alignment of named Mu elements (Mu7 through Mu19) plus 448 bioinformatically
identified TIRs from the B73 genome. Most TIRs of named Mu elements classify with group 1, whereas Mu72 TIRs are more similar to those of group 3. Colored
arcs connect the right and left arms of individual elements and are pink if the transposon includes MuDR-like (transposase) gene remnants and blue if they do not.
Most TIR pairs from individual transposons cluster in the same phylogenetic group and define “homomorphic” elements. In contrast, “heteromorphic” elements
have TIRs that lie in phylogenetically divergent groups. Triangles indicate unpaired TIRs that are either SOLO (black) or lack a partner in the phylogenetic tree due
to sequence degradation (gray). Relevant bootstrap values are indicated at branches that define clades. Units show the numbers of base substitutions per site.

TIRs were found in all major clades, though at greater frequency
in groups 4 and 5. These include SOLOs arising from unpaired
TIRs (13.6% of total) and those for which at least one member of
aTIR pair was too short (<100 bases) to include in the phylogeny
(6.9% of total). Table 1 summarizes the relatedness characteristics
for each TIR group.

The TIRs of three previously named Mu elements were exam-
ined separately because full-length TIR sequences were not avail-
able for inclusion in the phylogenetic analysis. The 39 bases of
available sequence for the TIRs of Mu10, Mull, and Mul2 (31)
were compared to sequences in our database. Analysis of Mu10
and Mu11 indicated that both were homomorphs in group 1. The
Mul0-L differed by only 1 bp from 2P-L, and Mu10-R differed
by 2 bp from 3F-R. The MulI was similar to Mul9 in having
comparatively distant left and right arms with Mz 11-L differing
from 7H-R by only 1 bp and Mu1I-R differing from 4L-L by 6

PNAS 2023 Vol.120 No.31 e2305298120

bp. The TIRs of M 12 indicated that it was a group 3 homomorph
whose identical left and right TIRs exactly matched 5C-R, 5C-L,
5N-R, and 10L-R.

Alignments of TIR sequences belonging to each phylogenetic
clade were used to identify consensus sequences for the major
groups (Fig. 2). The five TIR consensus sequences were used in
BLAST queries to reexamine the B73 genome for TIRs that may
have been missed in the initial capture. No additional B73 TIRs
were identified. Alignment of the consensus sequences showed
highly conserved regions between all five TIR groups, particularly
within the most terminal bases and the predicted transposase
binding site (3, 17). Pairwise identity was 80.3% when restricted
to the predicted MURA binding sites as compared to 65.3% for
the entire alignment. Phylogenetic analysis using the aligned
consensus sequences showed well-supported separation for the
five defined groups with groups 2 and 3 being distinct from
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Fig.2. Diagram of a Mu transposable element. The highly conserved TIRs can be used to identify Mu elements and categorize them phylogenetically. Alignment
of consensus sequences for each of the five Mu TIR groups is shown. Dashes show agreement with the overall consensus sequence. The 20 most terminal
positions are strongly conserved 83.5% pairwise identity) as are those of the predicted transposase binding site (80.3% pairwise identity) between positions
34 and 64 in all five groups, compared to 65.3% for the entire 150-bp sequence. Bright green indicates perfectly conserved regions, light green designates less

conservation, and red denotes variable sites.

groups 1, 4, and 5 (SI Appendix, Fig. S1). The relative abundance
of TIRs from each clade shows that no one group dominates in
the B73 genome.

Analysis of MuDR-Derived Internal Sequences. Complete
sequences of intact Mu elements from B73 (those with both left
and right arms) were examined using BLAST queries for similarity
to the MuDR-encoded genes mudra and mudrb. Numerous Mu
elements in B73 showed sequence segments with high similarity to
one or both of the MuDR genes (pink arc lines in Fig. 1). Indeed,
at least 30% of intact Mu elements with TIRs in groups 1, 2, 3,
and 4 contained fragments of MuDR-related genes. No element
with a TIR from group 5 contained any identifiable AMuxDR
gene remnants (Dataset S2). It would be unexpected to find
functionally competent MuDR elements in stable inbred genomes,
and most of the mudra and mudrb gene sequences in B73 Mu
elements included only fragments of the canonical MURA- and
MURB-encoding genes (Fig. 3). There were, however, several
group 1 homomorphs with apparently intact, full-length coding
sequences for MURA or MURB, although no element carried
intact copies of both mudra and mudrb. In an element designated
6T, for example, the mudra gene had normal intron—exon borders
and, if processed, would lead to translation of a predicted protein
97% identical to MURA. The mudrb-like coding sequence of the
6T element was disrupted by a 5-base insertion. In contrast, 12
other group 1 homomorphs carried full-length mudrb-like genes
without frame-shifting disruptions. Translations of these genes
would result in predicted proteins from 78 to 100% identical

to MURB.

Phylogeny of MuDR Fragments and Evidence for Homomorph
Formation from Heteromorphs. To determine the relationship
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among the MuDR-like gene fragments identified in the intact
B73 Mu elements, those showing homology with the MuDR
genes for at least half of their length (based on BLAST analyses)
were collected for phylogenetic analyses. Homologous regions
were extracted and aligned to generate neighbor-joining trees for
mudra and mudrb gene remnants (Fig. 3). The mudra and mudrb
related sequences grouped almost exclusively according to the
phylogenetic clade of their TIRs. Interestingly, the mudra-like
gene remnants of the group 2/4 heteromorphs clustered with those
of group 4, while the mudrb-like gene remnants clustered with
group 2. The same was observed for their adjacent TIRs. These
heteromorphic MuDR-like elements demonstrate that mudra and
mudrb genes from divergent phylogenetic clades can recombine
and retain the capacity to transpose. Evidence for subsequent
formation of homomorphs from these heteromorphs is most
apparent in two examples (8K and 10A) where TIRs had become
homomorphic for group 2, while carrying mudra-like sequences
from group 2/4 heteromorphs.

TSD Divergence between Mu Elements with TIRs of Different
Groups. The 9-bp TSD sequences were examined for each
of the 210 intact Mu elements in the B73 genome to validate
their identity as transposons and compare TIR-based clades
(Dataset S2). Observed variations could reflect age of insertions
since longer time spans after insertions occurred could allow
more mutations to accumulate. Alternatively, the dissimilarities
could be intrinsic characteristics of certain groups such that Mu
elements from a given clade may be more prone to generating
imperfect TSDs. Around 70% of group 1 homomorph TSDs
were identical between the left and right bordering sequences.
A similar frequency of perfect TSDs is reported for active Mu
elements in previous studies (19, 22, 31, 44). Meanwhile, group
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Fig. 3. Alignment and phylogenetic analyses of mudra- and mudrb-related sequences for 77 Mu elements in the B73 genome. Black triangles indicate group
1 homomorphic transposons with full-length mudra-like (1 element) or mudrb-like (17 elements) genes predicted to encode proteins highly similar to those of
MuDR (97% for MURA and 78 to 100% for MURB). Homologous regions of mudra and mudrb sequences were aligned using MUSCLE to build neighbor-joining
trees. The mudr gene remnants generally clustered by TIR identity for homomorphic elements. However, for group 2/4 heteromorphs, mudrb gene remnants
clustered with TIRs from group 2, while those of mudra clustered with group 4. The group 2 homomorphs (elements 8K and 10A) have mudra gene remnants
like those of group 4, providing evidence of heteromorph to homomorph conversion. Relevant bootstrap values are indicated. Units in phylogenies indicate

the number of base substitutions per site.

5 homomorphs had only 31.6% perfect TSDs, supporting the

likelihood of their ancient origin.

Analyses of NAM (Nested Association Mapping) Founders,
Teosinte, and Tripsacum Genomes. To seek broader patterns and
additional insights into Mu evolutionary dynamics, we analyzed
the Mu elements of the 24 non-B73 founder lines used to generate
the NAM population, two teosinte subspecies (Z. mays subspecies
parviglumis and mexicana), and tripsacum (Tripsacum dactyloides).
These genomes were BLAST queried using consensus sequences
for the five B73 TIR groups. The resulting 10,166 TIR sequences
were assigned group identities based on similarity to one of the five
consensus sequences. Oppositely oriented TIRs within 32,000 bp
of one another were designated as pairs. A total 0of 4,031 putatively
intact Mu elements were identified in the non-B73 NAM founder
genomes plus teosinte and tripsacum (Table 2 and Datasets S3
and S4).

Examination of the Mu elements compiled from the non-B73
NAM founder lines showed similar total numbers and proportions
of TIR group identity to those found in B73. The occurrence of
homo- vs. heteromorphic elements was also similar, with group
2/4 heteromorphs predominating over group 2/3, group 4/5, and
group 3/4 in that order. As no group 3/4 heteromorphs had been
identified in B73, the 20 identified in the NAM founder lines
were examined for validity based on TSDs. Five unique group 3/4
heteromorphs with matching TSDs were verified and found as 1
to 6 copies in 18 of the NAM founder genomes. Results also
identified an apparent group 1/2 heteromorph in both the 1114
and P39 inbred lines, but further analysis indicated that this
sequence was unlikely to represent a transposed element (TSDs
did not match). Still, the correctly oriented TIRs of group 1 and
2 for this element are in close proximity (2,520 bp) and could

PNAS 2023 Vol.120 No.31 e2305298120

form a functional group 1/2 heteromorph if a transposase was able
to initiate transposition.

The Mu elements identified in teosinte also appear in similar
abundance and proportions to those in B73 and the NAM found-
ers. As in maize, heteromorphs were abundant, those in groups
2/4 and 2/3 being the most so, followed by 4/5 and 3/5. There
was a single apparent group 1/5 heteromorph in spp. Parviglumis,
the only putative heteromorph in our analyses that included a
group 1 component. This element appears to have resulted from
transposition, with similar (though not perfect) TSDs and flank-
ing sequences contiguous with homologous regions in the B73
genome. However, examination of the group 5-assigned TIR
showed similar relatedness to group 1 and group 5, making its
origin uncertain, and thus failing to provide conclusive evidence
of a group 1-containing heteromorph.

The Mu element content of tripsacum varies in important ways
from that of Zea mays. First, no Mu elements of tripsacum contain
TIRs belonging to the three most abundant TIR groups of maize
(groups 1, 2, and 3). Meanwhile, groups 4 and 5 are substantially
larger in tripsacum than in maize or teosinte. This contrast sup-
ports the suggestion that groups 4 and 5 are the most ancient TIR
clades in maize and that the Zea-specific groups 1, 2, and 3 have
emerged relatively recently. Also, group 4/5 heteromorphic ele-
ments are relatively abundant in tripsacum, representing 15% of
intact Mu elements identified there, compared to the 11% in
maize and teosinte.

Phylogenetic Analysis of MuDR Fragments from Non-B73 NAM
Founders. A nonredundant list of full-length Mu elements from
the non-B73 NAM founder genomes was generated by condensing
those with matching proximity and TSDs in multiple genomes
into a single entry. The resulting list of 799 intact Mu elements

https://doi.org/10.1073/pnas.2305298120
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Table 2. The presence of Mu element homomorphs and heteromorphs in maize, teosinte, and tripsacum provides

evolutionary context to the MuDR family

Maize Teosinte Tripsacum

Zea mays Z. mays spp Z. mays spp Tripsacum
Mu-Clade B73 NAM parviglumis mexicana dactyloides
Homomorphs
Group-1 46(22) 33to 59 55 43 0
Group-2 53(16) 29to 49 42 39 0
Group-3 39(15) 21to 35 27 40 0
Group-4 28(10) 20to 36 24 24 35
Group-5 18(0) 10 to 21 18 17 47
Heteromorphs
Group 2to 4 10(8) 7to13 8 5 0
Group 2to 3 7(3) 2t0 12 8 5 0
Group3to5 3(0) Oto4 1 2 0
Group4to5 4(0) 2to6 6 4 14
Group3to4 0 Oto2 0 0 0
Group 1to 5 0 0 1 0 0

The occurrence of heteromorphic elements in all genotypes analyzed indicates the frequency with which recombinations between distinct MuDR clades can occur, even prior to the dif-
ferentiation of Zea. A single group 1/5 heteromorph was identified in teosinte parviglumis, the only group 1 TIR-containing heteromorph in our analysis. The absence of groups 1, 2, and 3
in tripsacum shows that these groups emerged since the split of Zea with Tripsacum and provides additional support for groups 4 and 5 being the most ancient. Numbers in parentheses

indicate elements with remnants of MuDR genes for B73 elements.

(Dataset S10) was used to analyze MuDR gene fragments by
querying them with 1000 of mudra (exon 2) and 444 bases of
mudrb (entirety of exon 2). Results revealed 252 recognizable
fragments of mudra and 269 of mudrb. Phylogenetic analysis of
those with greater than 50% coverage of the query sequences
led to well-supported trees wherein MuDR gene fragments from
homomorphic elements grouped almost exclusively together
(Fig. 4). As in B73, the group 2/4 heteromorphs had mudra
sequences similar to those of group 4 homomorphs and mudrb
fragments that clustered with group 2 homomorphs. Additional
evidence for a hetero- to homomorph conversion emerged in a
group 4 homomorph that carried a mudrb gene remnant most
similar to the group 2/4 heteromorphs (phylogenetically grouping
with group 2 rather than group 4).

Discussion

Diversity of the Mu Family in Maize. A central question addressed
by this research is the extent to which evolution of M transposons
is constrained by the relationship between MuDR transposases and
their binding sites on TTRs since this will define how far either type of
sequence can change without coordinate modification of the other.
Although diversification of TIR sequences is thought to minimize
recognition by host silencing systems, any such alterations must
be balanced with conservation of transposase binding sites. Here,
we were able to address the broader relationship between MuDR
specificity and TIR diversity by comparing separate phylogenies
constructed from transposons with demonstrated historical
activity in the maize genome. Findings indicate cross-mobilization
between phylogenetically divergent clades of MuDR-class elements
and highlight a previously unappreciated level of recombination
within and between them. This strategy is consistent with the
known preference for MuDR-type transposons to insert into
recombination-rich zones immediately upstream of genic regions
in host DNA.

A key issue is how efficiently a canonical MuDR can
cross-mobilize Mu elements with TIRs of divergent clades. It is
unclear whether the Mu element transpositions leading to the 262
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insertions identified in B73 were dependent on one or more diver-
gent autonomous elements subsequently lost from the B73
genome or whether there may be a low level of background Mu
activity. Abundant data are available from Mu tagging populations
such as UniformMu (13, 44, 51) where transpositions typically
rely on a single, active MuDR to control Mu activity. In these
instances, where a group 1 MuDR mediates movement, the vast
majority of new Mu insertions result from a few highly conserved
group 1 homomorphic elements (Mu1, Mul.7, Mu8, and MuDR).
Mobilization of elements outside group 1 is thus rare.

Possible exceptions are two Mu12-element insertions belonging to
group 3 that were captured as alleles of glossy8 in an active Mu pop-
ulation (31). Evidence for two independent insertions implies that
Mul2 transposition did occur in that population. There are at least
two possibilities. 1) The group 3 Mu12s could have been mobilized
by a group 1 MuDR if such events were otherwise limited by chro-
matin state associated with nonautonomous elements in the genome
rather than by transposase specificity per se. If so, then a change in
the chromatin status of a M12 element in the genome of glossy8 may
have been responsible. 2) Mu12 could have been mobilized by a
divergent group 3 MuDR that was also active in the population.

Even if MuDR has low levels of activity on TIRs outside group
1 and can mediate cross-mobilization, a strong preference is still
evident for nonautonomous elements with which it shares TIRs.
Although intact sequences are lacking for MuDR relatives in the
reference genome for B73, more complete versions could none-
theless exist in other backgrounds and direct transposition of more
divergent TIRs. It is also possible that MuDR transposases may
function in multimeric complexes as observed for other type II
transposable elements such as the ~AT superfamily (52, 53). If so,
then subunits produced from divergent MuDRs could theoretically
act together as heterodimers or multimers in the mobilization of
heteromorphic elements.

Heteromorphic Mu Elements. Transposition is evident for
heteromorphic Mu elements based on the presence of unique
TSDs and multiple copies of highly similar heteromorphic elements
(Fig. 1). Since transposition is thought to depend on recognition
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Fig.4. Extended phylogenetic analysis of mudra- and mudrb-related sequencesin
genomes of the 24 non-B73 NAM founder lines. Relationships were generally similar
to those in B73 (Figure 3) with mudra- and mudrb-homologous regions clustering
with TIR group identity (indicated by shaded areas). Analyses also supported the
B73 observation that mudra gene remnants in group 2/4 heteromorphs clustered
with group 4 homomorphs, while mudrb gene remnants clustered with group 2
homomorphs. Analysis of mudrb-like sequences in NAM founder lines also revealed
combinations that included a mudrb remnant from a group 4 homomorph that
clustered with group 2/4 heteromorphs (circled with orange inside the pink shaded
region of the mudrb tree). This observation provided another possible example of a
heteromorph to homomorph conversion. Relevant bootstrap values are indicated.

Units show the number of base substitutions per site.

of specific binding sites in the TIR by the transposase enzyme (2,
17, 39), any element with divergent TIRs would likely constitute
a weaker target. However, it is unclear what degree of homology
between the left and right TIRs is important for transposition of
an element. The MURA transposase encoded by miudra scems to
have strong specificity for the group 1 TIR sequences, a clade of
MuDR-class transposons with imperfect, but moderately high
similarity between the right and left TIRs While we are aware of
no instances where a true group-spanning heteromorph has been
active in modern lines, we can look to the glossy8 alleles in which
five mutants arose from insertions of Mu11 elements with dissimilar
TIRs (31). The TIRs of Mull are almost identical to those of
Mul19, an element lacking evidence of transposability in Mu-active
populations (32). The Mu19 and Mull elements have TIRs that
cluster in group 1 but are nonetheless phylogenetically distant from
each other. The apparent activity of Mu1 I provides the best current
evidence for a transposon with somewhat divergent arms causing
new insertions and gene disruption in a Mu-active population.

Transposable heteromorphic elements require an adjustment
in our thinking regarding the age of Mu transposons because TIR
similarity does not serve as a proxy for time passage after insertion.
In the B73 genome, TSDs are conserved to a similar degree for
homo- and heteromorphic elements of the same overall TIR clade
(Dataset S2). Homomorphic elements within group 1 or group
2 tended to have the most well-conserved TSDs, suggesting that
they were the most recently active. In contrast, relatively few per-
fect TSDs were observed for elements within group 4 or group 5,
regardless of whether these were homomorphic or heteromorphic,
consistent with a more ancient origin for these insertions.

There are multiple possible mechanisms by which heteromorphic
Mu elements could form (Fig. 54). One scenario is that a transposase
could bind to distal arms of two, physically close, but unrelated Mu
elements and create a hybrid element. A similar possibility is that
one transposon could insert into an unrelated element and generate
a new hybrid element if a transposase bound one TIR from each of
the original elements. In both instances, internal TIR copies would
be present in the new hybrid element, although they could be
quickly lost as internal deletions common in Mu elements (3).

PNAS 2023 Vol.120 No.31 e2305298120

A third possibility is that independent insertions in the same gene
(which occur frequently) are present in a heterozygous state and lead
to heteromorphic elements through recombination or gene conver-
sion. The frequent clustering of independent Mu insertions at 5’
ends of genes would facilitate such events. Finally, heteromorphic
elements could arise if one TIR (or both) accumulated mutations
independent of the other, while maintaining transposase recognition.
However, the absence of such intermediates in our analyses makes
this scenario seem unlikely. Each of these possibilities necessitates
that a transposase recognizes and binds both of the divergent TIRs
of the newly formed heteromorph.

A striking feature of Mu elements is that the left and right TIRs
of subfamily members typically have greater similarity to each other
than with TIRs of the autonomous MuDR. Indeed, the left and
right TIRs of group 1 MuDR are nearly identical, differing by only
1 base, whereas they share only 85% identity with TIRs of the
highly active nonautonomous Mz transposons. This suggests that
near identity of the left and right TIRs is maintained by periodic
formation of homomorphs and not predominantly by selection
for transposase recognition of TIRs. Regeneration of symmetry
appears to occur regularly among Mu elements in the B73 genome.
Each phylogenetic group contains examples of homomorphic ele-
ments with highly similar TIRs that have fewer than five mis-
matches (Dataset S1). One group 3 element (10P in our analysis)
has identical TIRs that extend over 1,100 bases into the center of
the transposon. Elements with highly similar left and right TIRs
may represent relatively recent TIRduplication events, as the left
and right arms have not accumulated mutations since formation
of their homomorphic symmetry. Fixation of TIR variants through
formation of homomorphs is likely an important mechanism driv-
ing coevolution of transposase and binding sites in the TIR.

A mechanism for regaining TIR symmetry need not be common
but should allow a single TIR sequence to be duplicated such that
the resulting Mu element has identical left and right arms oriented
in opposite directions (Fig. 5B). One way this could occur is
through gene conversion via homologous recombination of
double-stranded breaks (DSB) resulting from excision of a single
TIR, wherein the unexcised TIR would serve as a template during
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Fig. 5. Possible mechanisms of formation for (A) heteromorphic and (B) homomorphic Mu elements. Heteromorphs could form during transposition of
closely linked or nested Mu elements with different TIRs in instances where dissimilar TIRs are bound by MURA/MURB transposases or via recombination
or gene conversion between distinct insertions in allelic locations on different chromosomes. Heteromorphs could be converted to homomorphs via similar
mechanisms, including recombination or gene conversion between allelic insertions, gene conversion via homologous recombination after excision of a single

TIR, and possibly during replicative transposition.

repair and thus form a homomorphic element. This would be
similar to gene conversions observed between cis-linked inverted
repeats in Arabidopsis following DSBs induced by the HO endo-
nuclease (54). This mechanism could account for the long and
nearly perfect TIRs that extend far into the center of some Mu
elements such as 10P. Homomorphs could also form from heter-
omorphs in scenarios similar to that suggested for allelic, heterozy-
gous insertions that generate heteromorphs via recombination,
gene conversion, or possibly via an unknown mechanism involving
transduplication of a single TIR during transposition.

A potential evolutionary mechanism for the MuDR class of
transposons is supported by phylogenetic evidence for cycling
between homo- and heteromorphic elements. If a newly formed
heteromorphic element can transpose, despite having divergent
TIRs, then it can also form a homomorph with capacity to ini-
tiate a new clade. Such sources of variability among TIR
sequences could also facilitate diversification of transposase affin-
ities for particular TIRs, further aiding the delineation of distinct
groups of autonomous elements. A similar process may have
contributed to advent of the new Zea-specific clades, and the
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group 2/4 heteromorphs were positioned to do so. This clade is
distinctive among those new to Zea because it carries ancestral
genes (mudra’s from group 4). The overall extent of interconver-
sion and cycling would be enhanced by the dense targeting of
MuDR-class insertions to regions near the 5 ends of genes. In
this recombination-rich region of the host genome, pairing of
nearby independent allelic insertions could promote recombi-
nation at meiosis. A high recombination frequency in these
locales thus favors diversification of transposon sequences in
addition to enabling highly expressed genes to be parasitized
without disrupting their function (44).

MuDR-Related Sequences in Maize Genomes. The presence of
MuDR-like sequences in elements without group 1 TIRs indicates
a common ancestry of internal sequences that predate emergence
of MuDR in its current form. The different TIR-defined groups
could thus house their own active MuDR-like elements. These
could either function exclusively on elements with similar TIRs
(as MuDR tends to do with group 1 elements) or have broader
specificity across TIR groups.
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The possibility that additional elements in B73 might encode func-
tional transposases is indicated by the apparently intact mudra-like
gene of the 6T element and the 12 intact mudrb-like genes. These
sequences show high degrees of predicted amino acid sequence sim-
ilarity with the MuDR-encoded proteins (98% for the MURA of 6T
and up to 100% for the MURBs) suggesting recent common ancestry.
Although no single element contains both intact mudra- and
mudrb-like genes, the possibility exists that the two sequences need
not be encoded on the same element to have some level of efficacy.
Either way, the high degree of homology in genic (mudra and mudrb)
vs. intergenic sequences of MuDR derivatives like 6T (~50%) indi-
cates a selective pressure for retention of coding integrity. Although
the 6T sequence is probably a nonfunctional hAJuDR at present (as
described in ref. 19), the element is likely to have retained activity for
at least some period after its divergence from MuDR. The same is true
for the many elements outside of group 1 with MuDR-like sequences.

Analysis of MuDR-like remnants in the B73 genome (Fig. 3) and
that of other NAM founders (Fig. 4) provides additional insight
into mechanisms underlying formation of hetero- and homo-
morphs. The phylogenetic clustering of mudra-like fragments in
group 4 and mudrb-like fragments in group 2 could have arisen
from a cross-over or gene conversion between nearby elements as
outlined in Fig. 5. The emerging 2/4 heteromorph retained trans-
posability and proliferated across the maize genome as an active
element. Formation of homomorphs from such heteromorphs is
supported by phylogenetic clustering of mudra remnants from
group 2 homomorphs (the 8K and 10A elements) with those of
group 4. These homomorphs likely arose from a group 2/4 heter-
omorph (such as described above) being converted to a homomorph
but retaining internal sequences (like mudra) originating from
group 4. Similar observations were evident among elements iden-
tified in the non-B73 NAM founder lines (Fig. 4). These examples
demonstrate the propensity of Mu elements to exchange TIRs and
internal genes between distinct populations of Mu elements and
provide a novel source of variation upon which selection for Mu
viability can act.

Additional Considerations for the History of Mu Transposons.
Intriguing commonalities are evident among the Mu element
clades classified by the TIR group. Each clade is a similar size
and has a comparable diversity of elements. Four of the five
groups include MuDR-related sequences. Also, all clades other
than group 1 are joined by heteromorphic elements. Finally, each
of these clades includes strongly homomorphic elements. These
collective features are consistent with shared evolutionary paths
that involved similar levels of historical transposition, conversion,
and generation of symmetrical TIRs. In this respect, the especially
high activity of MuDR and nonautonomous group 1 elements
observed in Robertson’s Mutator stocks may be an exception
rather than the norm for MuDR family elements and MULEs
in general. If other M clades have undergone bursts of activity
similar to those in MuDR-active lines, those elements are no
longer evident in the landscape of NAM founders, teosinte, or
tripsacum.
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Methods

Bioinformatic Identification of Mu Elements. The B73 reference genome (ver-
sion 4) was mined for Mu insertions by repeated BLAST analyses that began with a
single MuTIR from MuDR. Individual returns from each BLAST output (cutoffate =
10~ —6) were annotated and deposited in a database that included TIR sequence
and chromosome position. This process was repeated, using more divergent Mu
TIR sequences, until no additional unique transposons were identified. Genomic
sequences surrounding each Mu were then individually examined to extract 9-bp
target-site duplications. Once individual TIRs were paired, full-length sequences
were manually extracted and compiled. The resulting dataset was screened for
mudra- and mudrb-related sequences via local BLAST analyses. The NAM found-
ers, teosinte subspecies, and tripsacum genomes were searched in the same way
using consensus sequences from each of the 5 groups as queries. Identified TIRs
were classified based on which query sequence yielded the highest BLAST score.

Phylogenetic Analysis of TIRs. Bioinformatically identified TIRs were aligned
using Clustal W (55) in the Geneious8 (geneious.com) software interface
(Dataset S5) with the 1UB cost matrix, a gap open cost of 15, and a cap extend
cost of 6.66.The TIRs included 448 sequences with at least 100 bp from previously
unnamed insertions, together with 150 bases from the left and right termini of
named Mu elements (Mu1, Mu1.7, Mu3, Mu4, Mu5, Mu7, Mu8, Mu9, Mu14,
Mu15, Mu16, Mu17, Mu18,and Mu19). Less than 100 bp were available for the
remaining 33 TIRs, so these were omitted to avoid nonoverlapping sequences. A
neighbor-joining tree was created with MEGAX (56) using the pairwise deletion
option, the Maximum Composite Likelihood method (57), and 1,000 bootstrap
replications. The phylogenetic tree was manually annotated to show the connected-
ness of paired TIRs, color-coded group identities, and the presence of unpaired TIRs.

MuDR Gene Remnant Analyses. Full-length sequences for the 210 intact B73
Mu elements were assembled in a BLAST database. Coding sequences for mudra
and mudrb were used in queries of this database to determine which Mu ele-
ments contained mudra- and mudrb-like sequence (Datasets S6 and S7). Those
with homology to the complete mudra or mudrb genes were examined for introns,
and putative coding sequences were extracted and translated to determine the
capacity to encode potentially functional proteins. Elements with greater than
50% of mudra or mudrb coverage were used to generate phylogenies for mudra-
and mudrb-like genes. The regions homologous to mudra and mudrb for each
element were extracted and aligned using MUSCLE (58) within the Geneious8
software interface. The MUSCLE alignments (Datasets S8 and S9) were done
using UPGMB clustering, with kmer4_6 distance measure for iteration 1, and
pctid_kimura for subsequentiterations. Clustal W was also used for the sequence
weighting scheme, with free end gaps, an anchor spacing of 32, a minimum
length of 24, a minimum best of 90, a gap open score of —1, a margin of 5, a
minimum smoothed of 90, a window size of 5,and a multiplier of 1.2.The same
approach was used to construct alignments of mudra and mudrb gene remnants
from the NAM founder genomes except the BLAST queries were limited to the
most highly conserved 1,000 bases of exon 2 from mudra and the entirety of
exon 2 from mudrb. The MUSCLE alignments (Datasets S11 and $12) were done
using the same parameters employed for the B73 alignments. Neighbor-joining
trees were created with MEGAX using the parameters described for the TIR tree.
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article and/or supporting information.
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