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elements is regulated by both internal 
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Abstract 

Background  DNA transposable elements are mobilized by a “cut and paste” mechanism catalyzed by the binding 
of one or more transposase proteins to terminal inverted repeats (TIRs) to form a transpositional complex. Study of 
the rice genome indicates that the mPing element has experienced a recent burst in transposition compared to the 
closely related Ping and Pong elements. A previously developed yeast transposition assay allowed us to probe the role 
of both internal and terminal sequences in the mobilization of these elements.

Results  We observed that mPing and a synthetic mPong element have significantly higher transposition efficiency 
than the related autonomous Ping and Pong elements. Systematic mutation of the internal sequences of both mPing 
and mPong identified multiple regions that promote or inhibit transposition. Simultaneous alteration of single bases 
on both mPing TIRs resulted in a significant reduction in transposition frequency, indicating that each base plays a role 
in efficient transposase binding. Testing chimeric mPing and mPong elements verified the important role of both the 
TIRs and internal regulatory regions. Previous experiments showed that the G at position 16, adjacent to the 5′ TIR, 
allows mPing to have higher mobility. Alteration of the 16th and 17th base from mPing’s 3′ end or replacement of the 
3′ end with Pong 3′ sequences significantly increased transposition frequency.

Conclusions  As the transposase proteins were consistent throughout this study, we conclude that the observed 
transposition differences are due to the element sequences. The presence of sub-optimal internal regions and TIR 
bases supports a model in which transposable elements self-limit their activity to prevent host damage and detection 
by host regulatory mechanisms. Knowing the role of the TIRs, adjacent sub-TIRs, and internal regulatory sequences 
allows for the creation of hyperactive elements.
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Background
Transposable elements (TEs) are mobile segments of 
DNA present in essentially all eukaryotic genomes. They 
are particularly prevalent in plant genomes, which often 
contain a large percentage of TE-derived DNA sequences 
[1–3]. One of the most active transposable elements in 
the rice genome is mPing, a 430 base pair deletion deriva-
tive of the larger Ping element [4–6]. mPing belongs to 
the PIF/Harbinger superfamily of TEs and is classified 
as a miniature inverted repeat TE (MITE) because of its 
small size, reliance on other elements for mobilization, 
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and abundance in the genome [7–9]. Because this ele-
ment is still active, we can test its transposition mech-
anisms and make inferences about the functional 
significance of these elements on the genome.

mPing and its related elements are part of the larger 
category of DNA elements (Class II) that have short 
reverse complementary sequences known as terminal 
inverted repeat (TIR) sequences on both ends of the ele-
ment. These TIR sequences are bound by Transposase 
(TPase) proteins which catalyze transposition. TPase 
proteins are characterized by a catalytic DDE/D amino 
acid triad required for DNA cleavage [10]. The formation 
of an active transposition complex between the element 
TIRs and the TPase proteins is a key step in mobilizing 
DNA TEs [11, 12]. Unlike other TE superfamilies, the 
PIF/Harbinger elements require two proteins: ORF1, 
for DNA binding and the DDE/D containing TPase for 
mobilization [13–15]. We hypothesize that the ORF1, 
TPase, and TIR sequences interact to form a complex 
that facilitates transposition.

Analysis of mPing, Ping, and Pong element copy num-
bers in over 3000 domesticated and wild rice genomes 
provides a window into the recent burst in mPing activ-
ity during rice domestication [16]. mPing has a rela-
tively high copy number, with an average of 9.2 copies in 
domesticated cultivars. In contrast, the autonomous Ping 
and Pong elements have 0.09 and 4.25 copies on aver-
age [16]. Based on this observation, we hypothesize that 
the low copy number of Ping may allow it to evade host 
silencing mechanisms. Thus, the unique combination of 
ORF1 and TPase proteins expressed from the relatively 
low copy Ping element combined with a compatible 
hyperactive MITE makes it possible for the transposition 
burst. In contrast, Pong appears to be highly regulated 
epigenetically [17] and is thought only to mobilize mPing 
during tissue culture when DNA methylation decreases 
[4, 18]. While no naturally occurring non-autonomous 
MITE of Pong exists, synthetic versions of mPong can be 
mobilized in yeast [14]. We used these MITEs to identify 
the sequences required for transposition, allowing us to 
further understand the transposition mechanism of this 
important TE superfamily.

The TIRs of mPing, Ping, and Pong follow the conserved 
pattern observed for elements in the PIF/Harbinger super-
family [19]. This high degree of sequence conservation is 
consistent with the prediction that TIRs act as the region 
where TPase and ORF1 proteins bind and recognize the 
mPing element. Experiments with other TEs have shown 
that altering the TIRs or adjacent sequences (sub-TIRs) dis-
rupts transposition. For example, deletion of the terminal 
23 base pairs (bp) from the 3′ TIR of the P-element com-
pletely inhibited transposition [20]. Similarly, various alter-
ations of the 12 bases on the left end of the Sleeping Beauty 

element significantly disrupted its transposition [21], and 
mutation of the four terminal bases of the Tc3 element 
almost completely abolished transposition [22]. Detailed 
analysis of the bacterial Tn10 element showed that muta-
tion for bases 1-3 and 6-13 of the TIR significantly reduced 
the transposition frequency [23, 24]. Simultaneous muta-
tion of both mPing’s TIRs also showed that most of the ter-
minal 14 bases are critical for transposition [16], suggesting 
that these highly conserved bases are directly involved in 
transposition complex formation. However, these experi-
ments did not investigate if one TIR is more critical for 
transposition.

Previous studies have shown that sequences internal to 
the TIRs can also play a significant role in transposition. 
For example, it was shown that the rice MITE Stowaway 
35 (Ost35) has internal regions that promote and inhibit 
its transposition [25]. Similarly, the autonomous piggyBac 
element from the Autographa californica moth was shown 
to require over 1000 bp of internal sequences to achieve 
efficient transposition [26]. Sequences internal to the 
autonomous P-element TIR were also found to be essen-
tial for transposition [20]. These internal sequences may 
function by interacting with the mobilization proteins to 
facilitate transposition complex formation. Binding assays 
performed with the autonomous Sleeping Beauty element 
showed that the transposase protein preferentially binds 
to the direct repeat sequences that are internal to the TIRs 
[21], potentially initiating transposition complex forma-
tion. We hypothesized that mPing might also have internal 
sequences that could promote or inhibit transposition and 
contribute to its overall burst in transposition.

To address these questions, we performed systemic 
mutations of the mPing element and a synthetic 430 bp 
mPong element. We have identified internal sequence 
mutations and TIR mutations that directly affect their 
transposition, indicating these regions’ role in element 
regulation. We also synthesized several hybrid elements 
containing regions from both mPing and mPong. The 
results from these domain swapping assays correlate with 
the determined transposition promoting and repressing 
regions. Hyperactive elements were created by combining 
complementary systemic and TIR mutations. Together, 
these results suggest that though the mPing element has 
exhibited a burst of transposition in the rice genome, it still 
retains sequences designed to inhibit hyperactive transpo-
sition that could be detrimental to host survival.

Results
Transposition frequency of autonomous elements 
and their associated MITES
We tested the transposition frequency of the mPing, 
Ping16A (the version associated with mPing bursts), 
mPong, and Pong elements using the previously 
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established yeast transposition assay and high activity 
transposase proteins [ORF1 Shuffle 1 and Pong TPase 
L418/420A] [14, 27]. These versions of the ORF1 and 
TPase proteins have been optimized for transposition in 
yeast by strengthening the nuclear localization signal and 
removing the nuclear export signal. In this assay, element 
excision from the ADE2 gene and precise repair of the 
excision site determines the frequency of colonies that 
can grow on plates lacking adenine. We observed that the 
mPing and mPong elements transposed at significantly 
higher frequencies (p  < 0.05) than Ping16A and Pong, 
with Ping16A transposition appearing to be lower than 
Pong transposition (Fig. 1). The relative element activity 
appears to correlate with the previously observed relative 
abundance of the natural elements in rice genomes [16]. 
These results suggest that the overall element copy num-
ber in a species is partially attributed to element mobility. 
In addition, this result supports the hypothesis that ele-
ment size plays a significant role in successful transposi-
tion complex formation.

Role of internal regions
A detailed study of a rice Stowaway MITE indicated that 
alteration of various internal sequences resulted in higher 
or lower transposition depending on where the sequence 
was changed [25]. We performed a similar analysis with 
the mPing and mPong elements to identify which regions 
function to regulate transposition. We systematically 
substituted 20 base increments from position 40 to 399 
with a 20 bp sequence (CCC​CTC​TCT​TAA​GGT​AGC​CG, 
60% GC rich) that contained an IPpoI restriction site to 
allow for confirmation by digestion. The transposition 
frequency of each mutated element was measured in 

the yeast transposition assay (Fig. 2). The majority of the 
mutant mPing (mmPing) and mutant mPong (mmPong) 
elements showed no change in transposition frequency, 
suggesting that these regions did not contain sequences 
required for transposition complex formation. However, 
the mmPing 240-259, mmPong 200-219, and mmPong 
340-359 elements showed significantly reduced trans-
position (p  < 0.05) compared to the control elements 
(Fig. 2), suggesting that these regions innately play a role 
in transposition. In contrast, five mmPing elements and 
five mmPong elements showed significantly increased 
transposition (p  < 0.05) compared to the control ele-
ments (Fig. 2), suggesting that the substitutions removed 
sequences that were innately inhibiting mobility.

The identified regulatory sequences’ positions appear 
to be unique for these two elements. For example, the 
mPing element has potential inhibitory regions clus-
tered in the 3′ half of the element (Fig. 2A) while they are 
scattered more evenly throughout the mPong element 
(Fig.  2B). This finding that the location and sequences 
of these potential regulatory regions do not show any 
obvious correlation or homology indicated that these 
regulatory functions are achieved through general DNA 
features, such as flexibility or nucleosome association. 
To address this, we analyzed the GC content of each ele-
ment compared to its relative transposition frequency 
(Fig.  2C). Overall, this analysis indicates that substi-
tutions that increase the GC richness of the internal 
regions of the element resulted in higher transposition 
frequencies than substitutions that decrease GC rich-
ness. Increased GC content is known to be associated 
with increased nucleosome occupancy [28], suggesting 
that relatively small changes in the internal sequences of 
these MITES could increase histone binding, ultimately 
bringing the TIR sequences into closer proximity and 
affecting the efficiency of Transposase binding.

Role of the terminal inverted repeats (TIRs)
Alignment of the 30 bp from each end of mPing, Ping16A, 
and Pong elements show that these related elements 
have very similar TIR sequences [defined as the termi-
nal 15 bases, underlined] (Fig. 3A). The 15 bases on the 
5′ end are entirely conserved amongst these elements. 
In comparison, the Pong 3′ TIR differs at positions 6 and 
15 from the 3′ end. In addition, there are several varia-
tions in the sub-TIRs which may affect transposition. For 
example, previous studies pointed to the natural vari-
ation at the 16th base of the Ping element as key to its 
hypoactive transposition frequency [16]. A direct com-
parison of the Ping element with an A or a G at the 16th 
base confirmed that the 16A version had significantly less 
mobility (p < 0.05) in the yeast transposition assay (Sup-
plemental Fig. 1). Thus, the mPing element, being derived 

Fig. 1  Yeast transposition rates for mPing, Ping16A, mPong, and Pong. 
Columns represent the average and error bars represent standard 
error (n = 6)
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from the higher activity version of Ping with a G at posi-
tion 16, contributes to its burst in activity [16]. Based on 
this finding, we hypothesized that the other TIR variation 
between the mPing and mPong elements might play a role 
in regulating transposition activity.

Previous experiments focused on the role of the 5′ TIR 
showed that mutating each base (A to C, T to G, C to A, 
G to T) had a variety of effects, with some bases being 
highly required, while others were not [16]. We hypoth-
esized that the importance of each base was related to its 
role in the interaction with the transposase proteins and 
predicted that important bases would be conserved. Fig-
ure  3B shows a pictogram of the TIR sequences of rice 
Tourist-like MITES similar to one created by Zhang, 
Jiang et  al. 2004 [19], indicating both highly conserved 
positions (i.e., 1, 4, and 11) and relatively flexible posi-
tions (i.e., 14 and 15). We repeated the previously indi-
cated experiments but simultaneously altering the TIR 
bases on both ends of the element (Fig. 3B). Mutation of 

both TIRs resulted in a more drastic reduction in trans-
position, with most mutations almost completely inhib-
iting activity and the remaining positions (6, 9, 12, 13, 
and 15) showing a significantly diminished frequency 
(p < 0.05) compared to the control (Fig. 3B). Some of the 
mutants that retained some activity can be explained by 
the fact that the base was mutated to one found in other 
Tourist MITES (i.e., G6T, A9C, G15T). Together, these 
results suggest that although some bases are more impor-
tant than others, the entire TIR contributes to transposi-
tion complex formation and successful mobilization.

To determine if one TIR is more critical for transposi-
tion than the other, we compared transposition rates for 
single base mutations on either the 3′ or 5′ TIR at posi-
tions 1, 2, and 3. This experiment showed that mutating 
either TIR produced similar effects (Fig.  4), suggesting 
that both ends play a similar role in transposition. Com-
paring the results for a single mutation to results for 
mutations at both TIRs indicates an additive effect 

Fig. 2  Normalized yeast transposition rates for systemic mutation of the internal sequences of mPing (A) and mPong (B). Columns represent the 
average and error bars represent standard error (n = 5-24). Columns in red represent elements with significantly increased transposition and those 
in green represent elements with significantly decreased transposition compared to the control. C The normalized transposition frequency of 
each mutant was graphed against the change in G/C content caused by the substitution of the wild type sequence with the systemic mutation 
sequence. Dotted line represents the line of best fit. R-squared values of the trendline are shown
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resulting in a drastic decrease in the transposition rate 
when both TIRs are mutated (Fig. 4). This result is con-
sistent with the reverse complimentary relationship of 
the two TIRs.

Domain swapped elements
To further verify the role of the transposition regulating 
regions detected in mPing and mPong, we created four 
hybrid elements that contain segments of both mPing 
and mPong (Fig.  5). Two of the domain-swapping con-
structs contained the first half (bases 1-215) of one ele-
ment and the second half (bases 216-430) of the other 
element (mPing/mPong half and mPong/mPing half). Two 
more domain-swapping constructs were made that con-
tained 90 bases from both ends (bases 1-90 and 341-430) 
of one element and the central 250 bases (bases 91-340) 
of the other element (mPing 90 mPong and mPong 90 
mPing). Transposition assays showed a dramatic increase 

Fig. 3  A sequence alignment (A) of the 30 bp at the 5′ and 3′ ends of the mPing, Ping16A, and Pong elements. Dots represent bases that are 
identical to mPing. Dashes represent the interior sequence. Underlined bases represent the TIRs. B Top panel- Pictogram representing the relative 
frequency of bases in the first 15 bases of the TIRs from selected Tourist-like MITEs (mPing, Ditto 231, Youren 61, Stola 23, ID-4-X, Helia 1, and Tourist 
1274) from rice. Letter height indicates the frequency that that base is observed at that position (http://​genes.​mit.​edu/​picto​gram.​html). Bottom 
panel- Yeast transposition rates for mPing mutants with simultaneous mutations on both TIRs. Columns represent the average and the error bars 
represent standard error (n = 5-6)

Fig. 4  Yeast transposition rates for mutations in the 5′ TIR, 3′ TIR, or 
both TIRs at positions 1, 2, and 3 of mPing. Columns represent the 
average and error bars represent the standard error (n = 6)

http://genes.mit.edu/pictogram.html
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in transposition of the mPing/mPong half compared to 
either parent element. In contrast, the converse structure 
mPong/mPing half showed a drastic decrease in transpo-
sition (Fig. 5). Similarly, we observed that the fusion con-
struct mPong 90 mPing, which consists of the terminal 
90 bases of mPong flanking the uninterrupted interior of 
mPing, showed hyperactive transposition, and the reverse 
combination was hypoactive (Fig.  5). These results sug-
gest that the 3′ end of mPing is less efficient at forming 
functional transposition complexes than the 3′ end of 
mPong. This result was confirmed by testing the trans-
position of an element composed primarily of mPing, but 
with the 30 bases at the 5′ replaced by the corresponding 
mPong sequence. This element, called mPing 3′ mPong 

30, showed higher transposition frequency than mPing 
(Fig. 6).

Hyperactive elements
We hypothesized that altering the inefficient mPing 
3′ end to mimic the efficient sequence found on the 5′ 
end could increase transposition frequency. Thus, we 
changed the bases at positions 16 and 17 on the 3′ sub-
TIR to G (reading the reverse complement) to create the 
mPing 3′ 16G17G element. Yeast transposition assays 
showed that this element transposes at a significantly 
higher frequency (p < 0.05) than mPing (Fig. 6), indicat-
ing that the 16th and 17th bases are critical for regulating 
transposition on both ends of the element.

Fig. 5  Normalized yeast transposition rates of mPing and mPong domain swapped elements. Element composition is shown on the left 
(red = mPing; blue = mPong). Columns represent the average and error bars represent the standard error (n = 6-12)

Fig. 6  Normalized yeast transposition rates of mPing hyperactive mutants. Element composition is shown on the left (red = mPing; blue = mPong; 
green = 20 bp substitution; gray = 2 bp sub-TIR mutation). Columns represent the average and error bars represent the standard error (n = 6)
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To determine if the interior sequences and TIRs have 
an additive effect on transposition, we made two ele-
ments with multiple transposition-promoting mutations. 
The mmPing 380-399 3′ 16G17G element has the inter-
nal substitution at 380-399 and the sub-TIR mutations 
at positions 16 and 17 in the 3′ end. The mmPing 300-
319 3′ mPong 30 element has the internal substitution at 
300-319 and the last 30 bases from mPong. Our transpo-
sition assay shows that the mmPing 380-399 3′ 16G17G 
element with both mutations had significantly higher 
transposition rates (p  < 0.05) than the elements with 
each mutation alone (Fig. 6). However, this additive was 
not observed for the mmPing 300-319 3′ mPong 30 ele-
ment, where combining the internal mutant and the TIR 
change did not significantly increase transposition com-
pared to either mutation alone (Fig.  6). Together these 
results indicate that multiple factors contribute to active 
transposition complex formation, but additional experi-
ments are needed to parse out the specific mechanisms.

Discussion
The testing of full-length Ping and Pong elements in the 
yeast transposition assay (Fig.  1) allowed us to directly 
compare them to their corresponding MITEs. The find-
ing that the larger elements exhibited lower transposi-
tion is not surprising, given that increased size has been 
shown to reduce transposition for other elements [29, 
30]. However, this result supports the hypothesis that 
the observed difference in element copy number in rice 
is a direct consequence of transposition frequency. The 
observation that Pong transposes at a slightly higher 
frequency than Ping16A correlates with the difference 
in transposition observed for the mPing and mPong ele-
ments (Fig.  1). This suggests that our findings for these 
MITEs can be extrapolated to the larger elements. Over-
all, this also is consistent with the argument that much 
of the differences in transposition frequency between 
these elements are due to the internal and TIR sequences 
found in these MITEs.

Our systematic mutation of the mPing and mPong 
MITEs showed that they both contain multiple internal 
regions that significantly inhibit transposition (Fig.  2). 
The presence of these inhibiting regions supports a 
model in which transposable elements are selected for 
limited mobility, thus preventing excessive host damage 
and detection by host regulatory mechanisms. At the 
same time, the presence of important promoting regions 
in both elements indicates that the internal sequences 
of these elements also play a role in promoting trans-
position. One possibility is that these sequences recruit 
the ORF1 and TPase proteins or assist with transposi-
tion complex assembly. This type of internal binding is 
seen with the Suppressor-mutator element from maize, 

where the interaction between TnpA proteins and mul-
tiple binding sites internal to the TIRs is thought to 
bring the two TIRs together, facilitating transposition 
complex formation [31]. However, the fact that there is 
no specific transposition promoting internal sequence 
shared between the mPing and mPong MITEs suggests 
that these internal regions are not involved in sequence-
specific roles. The correlation of transposition frequency 
with G/C content (Fig.  2C) suggests that the altera-
tion of internal sequences may change the nucleosome 
occupancy. We hypothesize that increased nucleosome 
density at the TIRs may block ORF1 and TPase bind-
ing. On the other hand, internal nucleosomes may act to 
bring the TIRs together in closer proximity. Additional 
studies will be needed to clarify the role of nucleosome 
occupancy.

This study also provides additional insight into a previ-
ously identified mutant of mPing, named mmPing20. This 
hyperactive element contains seven internal base pair 
mutations [32]. Interestingly, five of the mmPing20 muta-
tions are within three transposition-repressing regions 
described in this study (Fig.  2A). Of the other two base 
changes, one was in a transposition-promoting region, 
and the other was in a region that did not have a signifi-
cant effect when mutated.

The role of the TIR sequences in forming the active 
transposition complex was also clarified by these experi-
ments. First, by testing the same mutation in each TIR 
separately (Fig.  4), we demonstrated that both ends of 
the element play a similar role in transposition complex 
formation. In addition, these experiments showed that 
the effect of TIR alterations on both ends is additive. This 
finding is different from what is seen with some transpo-
sons, where one TIR appears to bind first in the process 
of transposition complex formation [i.e., Sleeping Beauty 
[33]]. It is unclear how this difference in transposition 
mechanism affects the success of these various elements. 
We hypothesize that since TIR sequences are important 
for transposition complex formation, TIR mutations will 
likely effect the mobility of most transposable elements.

By testing transposition rates in elements with simulta-
neous mutations on both ends, we exaggerated the effect 
of that base compared to previous results [16]. Thus, 
in Fig.  3, we see that all of mPing’s TIR bases contrib-
ute to the mobilization of the element. The most robust 
decreases in transposition were observed when highly 
conserved bases (i.e., positions 4 and 11) were changed, 
suggesting that the highly conserved bases play a critical 
role in the interaction with the ORF1 and TPase proteins 
in the transposition complex. The Ping ORF1 protein 
contains a GT1/Myb-like/SANt DNA binding domain 
that is likely to be involved in binding [19]. GT1/Myb-
like/SANt DNA binding domains generally interact 
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with about 6-8 bases [34, 35]. The fact that we see an 
effect over at least 15 bases suggests that the specificity-
determining interaction may involve more than a single 
DNA binding domain. In addition, these results support 
the hypothesis that small changes in TIR sequences can 
manipulate element behavior, and they are likely selected 
for their ability to moderate transposition.

While both TIRs are essential for the formation of 
mPing’s transposition complex, mutation at one of the 
TIRs does not necessarily immobilize the element [16]. 
Based on the rice mutation rate, the TIRs should expe-
rience about 1.3 x 10-8 mutations per base per year 
[36]. These random mutations are likely the source of 
the differences observed in the Pong element, where the 
two TIRs do not match perfectly. Our data shows that 
TIR alterations may effectively immobilize the element, 
decrease the activity, or have no effect. In the case of 
the mPong element, “repairing” the mPong TIRs to be 
an exact inversion of each other did not affect transpo-
sition (unpublished). This result is consistent with the 
fact that there are multiple exact copies of the Pong ele-
ment in the rice genome [19], suggesting relatively recent 
transposition.

Swapping portions from the related mPing and mPong 
elements allowed us to further evaluate the role of the 
sequence differences in transposition activity. While all 
the TIRs of these two elements were functional, we could 
determine that the 3′ end of the mPing element was not 
as efficient as the comparable TIR from mPong (Fig.  5). 
Combining the mPong 3′ TIR with the internal regions 
of mPing resulted in elements with significantly higher 
transposition than the parent elements (Fig.  6). This 
finding suggests that the mPing internal sequences are 
superior to mPong regarding the formation of an active 
transposition complex when paired with Pong TIRs. 
However, analysis of the internal 250 bp of these two 
elements shows no overall change in GC content, sug-
gesting that the pattern or arrangement of bases may be 
important.

These results also provide additional insights into 
transposable element behavior as we look at the genomic 
context of these elements. We see that the Ping and 
mPing elements’ activity are moderated by having sub-
optimal TIRs. In contrast, the Pong element activity is 
potentially moderated by having suboptimal internal 
sequences. We previously showed that the ORF1 and 
TPase proteins are also not optimized for maximal trans-
position [14, 27]. Thus, our study of this group of ele-
ments has revealed multiple mechanisms by which these 
elements have been selected to self-regulate their activity. 
This effect does not appear to be exclusive to this class 
of elements, as evidence for moderately transposing ele-
ments has been seen for other classes of elements [i.e., 

Mariner [37–39]]. However, as shown in these results, 
optimizing the sequences that prevent transposition 
results in hyperactivity. These hyperactive elements pro-
vide opportunities for developing efficient resources for 
plant gene discovery [32] and genome manipulation.

Conclusions
Analysis of mPing and its related elements in the yeast 
transposition assay provides context to their overall 
transposition behavior in rice. Although host mecha-
nisms play an important role in regulating mPing trans-
position [40], its sequence is likely selected to maintain 
moderate activity. Testing versions with modified 
sequences allowed us to pinpoint the regions that are 
important for transposition. These results indicate that 
both the TIRs, sub-TIRs, and internal regions play an 
important role in regulating the overall activity of mPing, 
Ping, and Pong. While the mPing sequence was sufficient 
to create a burst of transposition in rice, the creation of 
hyperactive versions indicates that it still encodes self-
limiting sequences.

Materials and methods
Yeast strains
All experiments were done with the CB101 (Geno-
type: MATa ade2Δ::hphMX4 his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 lys2Δ::ADE2*) or JIM17 (Genotype: MATa 
ade2Δ::hphMX4 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) yeast 
strains as described previously [41].

Constructs
All constructs were made by ordering gBlocks™ (Inte-
grated DNA Technologies, Inc.), amplifying the genes 
from genomic DNA from Oryza sativa cv. Nipponbare 
(Ping16A and Pong), or by high-fidelity PCR with primers 
containing the desired alterations. The fragments were 
co-transformed into yeast with HpaI digested pWL89a as 
described previously [41, 42]. Plasmids were isolated by 
performing a yeast plasmid prep using a modified Zyppy 
Plasmid Miniprep (Zymo Research, Irvine, CA) protocol 
in which the yeast are lysed by vortexing with 425-600 μm 
glass beads for 3 minutes prior to adding neutralization 
buffer. The resulting plasmids are then transformed into 
E. coli to allow for plasmid amplification and sequencing. 
Element sequences are provided in Additional file 2.

Yeast transposition assays
Transposition assays for Fig. 1 were performed in JIM17 
using the pAG425 GAL Pong TPase L418A, L420A and 
pAG423 GAL ORF1 Shuffle1 NLS plasmids as previ-
ously described (Hancock, Zhang et  al. 2010; Payero, 
Outten et  al. 2016). All other transposition assays were 
performed in CB101 yeast containing the pAG425 GAL 
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Pong TPase L418A, L420A and pAG413 GAL ORF1 
Shuffle1 NLS plasmids as previously described [41]. All 
transposition assays were performed on 10 cm plates with 
100 μl of culture plated on the galactose plates except for 
Fig. 6, in which 50 μl was plated from a 10− 2 dilution.

Statistical analysis
All statistical analysis were performed using Graph-
pad Prism 9. Significance was calculated using a 1-way 
ANOVA with a Dunnett’s or Tukey’s multiple compari-
sons test or a 2-tailed Student’s t test. P less than 0.05 was 
considered statistically significant.
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