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Simultaneous plasmid integration:  
a unifying model of multiple plasmid integration 
into the yeast chromosome

Abstract

Recombination of non-replicative plasmids bearing yeast homology with 
the chromosome can integrate the plasmid molecule into the genome. Such 
process is also known to integrate more than one plasmid molecule leading 
to multiple, tandem plasmid integration. However, its exact molecular 
mechanism remains unknown. There are two alternative models to explain 
such integration. The first predicts single integration of a super-plasmid 
molecule and the second sequential integration of several independent mol-
ecules, but neither is able to comprehend all experimental data. Therefore, 
here is presented a theoretical model that unifies both prior models owing to 
the possibility that two plasmid molecules recombine with the chromosome 
simultaneously. This model was used as a theoretical tool in order to dis-
criminate between existing alternatives extracting the sequential model as 
a better overall explanation.

 
INTRODUCTION

Targeted plasmid integration is a milestone of yeast genetics. Al-
though illegitimate recombination is also possible outcome (see 1), 

non-replicative plasmids bearing yeast homology transform the cell 
manly through homologous recombination with the chromosome (1, 
2). This can produce transformants that either have integrated the plas-
mid molecule into the genome creating at least one functional copy of 
the targeted locus (gene conversion followed by reciprocal exchange) or 
replaced the non-functional chromosomal allele with the functional one 
from the plasmid (gene conversion without reciprocal exchange) (3). 
However, this process is known to integrate more than one plasmid 
molecule into the genome (4). On the other side, linearizing the plasmid 
molecule into the homology greatly increases the targeted insertion (5, 
6 ) also frequently leading to multiple, tandem plasmid integration 
(MTPI) (6, 7, 8, 9, 10). However, the molecular mechanism of such 
genetic outcome of the targeted plasmid integration is not entirely un-
derstood. There have been several attempts to answer this complicated 
question, but despite all it still remains unsolved (7, 9, 10, 11). Elucidat-
ing the actual mechanism of MTPI might be of fundamental interest 
in genetics but also offers practical advantages since multiple integration 
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of gene vectors is quite important in fungal systems uti-
lized in biotechnology (see 12).

Here we propose a theoretical model of simultaneous, 
multiple, tandem integration of plasmid molecules into a 
chromosome in order to discriminate between the sequen-
tial- (7) and multimer-integration pathway (10). Its pur-
pose is to theoretically evaluate the probabilities of each 
of the existing models. This model differs from the present 
models due to (i) excluding the formation of plasmid mul-
timers prior to recombination with the chromosome (10) 
and (ii) concomitantly rejecting sequential integration (7, 
10). Rather, it contemplates the possibility that several 
plasmid molecules recombine simultaneously with the 
same chromosomal locus due to remaining partially par-
anemically attached to it.

CONTEMPORARY KNOWLEDGE ON  
THE PROBLEM

MTPI was first reported in S. cerevisiae (4, 6, 7, 8, 9, 
10, 13), but it is known to occur also in non-Saccharomy-
ces yeasts (12, 14, 15, 16, 17) and mammals (11, 18). The 
frequency of yeast MTPI was reported to be high (up to 
50%) with double-stranded plasmids during homologous 
recombination (5) and very high (70% on average) with 
single stranded (ss) plasmids during illegitimate recombi-
nation (13). In other fungi, MTPI is usually rare in Han-
senula polymorpha (12) but is known to be present in up 
to 16% of Kluyveromyces lactis transformants (16 ). On the 
contrary, the frequency of MTPI in mammals is very low 
(11). However, this might be dependent on the amount 
of used plasmid DNA since others showed decreasing 
frequencies with the decreased amount of DNA (10). The 
number of plasmid copies integrated into the chromo-
some locus varies from only two or several (7, 8) to 20 
copies (9) in S. cerevisiae to up to even hundred in non-
Saccharomyces yeasts (see 12). In mammals, the copy 
number has stabilized at only two (11). Additionally, it 
was shown that MTPI might be stimulated in specific 
genomic regions such as telomeres (8, 12) or by specific 
chromosome sequences such as ARS in S. cerevisiae (8) 
and Hansenula polymorpha (12) or d in Kluyveromyces lac-
tis (15). Apart from double-strand break (DSB), the MTPI 
is stimulated also by psoralen (9) which is known to dam-
age the hereditary material. Finally, recent experiments 
presented evidence that MTPI was actually increased dur-
ing targeted integration with plasmids bearing terminal 
heterology (19). This suggests that multiple integration 
may benefit from longer duration of the recombination 
reaction.

There are two genetic models to explain multiple inte-
gration of plasmid molecules in tandem array into an 
eukaryotic chromosome during homologous recombina-
tion (Figure 1). The first one supposes that each plasmid 
molecule integrates by separate recombination reaction 
(sequential or independent integration) (Figure 1A; 7, 10). 

This model was experimentally sufficiently corroborated 
when it was shown that gapped plasmids all integrate as 
filled molecules (7). Thus, possibility that cytoplasmatic 
plasmid ligation creates super-molecule prior to recombi-
nation (that subsequently enters the chromosome) was 
here partially excluded. This model was also supported by 
experiments of illegitimate recombination in yeast where 
ss-plasmids were used for transformation and expectedly 
no evidence of cytoplasmatic ligation was detected indi-
cating sequential multiple, tandem integration (13), and 
also by analysis of mammal recombination (11). More-
over, religation of even a single plasmid molecule was 
found to be extremely rare in yeast S. cerevisiae which also 
nicely corroborates the independent integration (19).

The alternative model of MTPI postulates cytoplas-
matic formation of super-molecule that later integrates 
into the chromosome as such (non-independent integra-
tion) (Figure 1B; 10). This possibility was experimentally 
supported by transforming diploid yeast strains (10). In 
those, all co-integrations occurred in only one of the two 
homologous chromosomes, leaving the other one intact. 
This strongly supports the dependant integration sce-
nario since independent recombination events would 
spread on both chromosomes. Indeed, evidence of cyto-
plasmatic plasmid ligation prior to recombination was 
reported on earlier (20) but such results are in complete 
disagreement with the recent one from more elaborated 
experimental system (19). Obviously, this issue needs to 
be addressed further. Nevertheless, others using different 
experimental systems in yeast also highlighted the pos-
sibility of extra-chromosomal plasmid recombination 
joining two or several molecules into one that subsequent-
ly enters the genome producing MTPI in a dependant 
manner (9). Moreover, such scenario was also suggested 
being plausible in Fusarium graminearum (17).

There are also two other possibilities theoretically able 
to produce MTPI. Replicated unequally paired sister 
chromatids preceded by targeted insertion followed by a 
subsequent homologous recombination would generate 
tandem copies of the vector. However, such unequal sister 
chromatid exchange (USCE) was experimentally rejected 
during mammalian recombination analysis (11). The 
other possibility implies that co-integrations arise by the 
replication of the plasmid molecule during integration. 
However, when yeast is transformed by two plasmids (co-
transformation) the transformants showing MTPI con-
tain both plasmids in one array (7). Replication as a 
mechanism of MTPI would not allow such genetic out-
come since there the transformants may contain only one 
of the co-transformed plasmids.

Taken together, this evidence clearly shows that MTPI 
can proceed by minimally two alternative mechanisms: 
(i) either by a single integration of a super-molecule or (ii) 
by sequential integration of several independent mole-
cules. However, whether these are separate pathways or 
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just different mechanisms of a single cumulative pathway 
is not clear. If they are separate pathways what is the 
critical parameter to choose between them? If they are not 
why are there separate mechanisms?

THE MODEL

A theoretical genetic model of simultaneous, multiple, 
tandem integration of linearized plasmid molecules into 
the eukaryotic genome is presented in Figure 2. This 
model emphasizes (i) the independent homology search 
by each double-strand end (DSE), (ii) the simultaneous 
recombination of at least two plasmid molecules with the 
same chromosomal locus, and (iii) possible paranemic 
pairing (see 21) important for later positioning of the re-
combining molecule(s) to the targeted homologous site. 
Such possibility excludes the prerogative of super-plasmid 
formation prior to integration, as expected by dependant 
model (10), and also renders the sequential integration, 
predicted by non-dependant model (7), unnecessary.

The general idea powering the model is the indepen-
dent homology search by each DSE in all plasmid mole-
cules dwelling the cell after transformation. Thus, if only 
one target homology is present in the genome, all the 
plasmid molecules will eventually be attracted by the 
same genomic locus. During this process, it is possible 

that two plasmid molecules establish plectonemic interac-
tion by the same chromosomal site in a manner that dif-
ferent DSEs from each molecule attack separately (Figure 
2A, B). Therefore two plasmid molecules are in register to 
simultaneously recombine with one chromosomal locus. 
The next step is illegitimate end-joining of the free DSEs 
from each molecule (Figure 2C). This will result in the 
formation of a super-plasmid but during recombination 
rather than prior to. Such super-plasmid being involved 
in recombination with the chromosome can be now inte-
grated into it producing three copies of targeted genomic 
homology (Figure 2D).

Here is predicted that plasmid molecule(s) can be po-
sitioned on the chromosome also by the aid of paranemic 
pairing. However, once the homology search finishes and 
the plectonemic interactions are established it is difficult 
to leave room for paranemic pairing. On the other hand, 
homology that is not involved into the reaction by plecto-
menic pairing still remains in double-stranded form and 
perhaps is able to hold a paranemic assembly with the rest 
of the chromosome homology. Such possibility will actu-
ally make the subsequent joining of the free DSEs more 
plausible owing to the restrained ability of the molecule(s) 
to move in order to leave the reaction (Figure 2C). Thus, 
while the initial plectonemic positioning is necessary for 
establishing the recombination reaction the latter parane-
mic pairing may facilitate the illegitimate joining of the 

Figure 1. Alternative models of multiple plasmid integration into the yeast chromosome (7, 10). A. Sequential or independent integration; B. 
Non-independent integration.



Petar T. Mitrikeski et al. Simultaneous plasmid integration

244 Period biol, Vol 116, No 3, 2014.

free DSEs indispensable for simultaneous integration of 
both molecules into the genome. If so, the suggested end-
joining might be considered as homology assisted illegiti-
mate genetic event. Similar events were reported earlier in 
mammals (22) and yeast (19), but however, the latter ex-
perimental system was dedicated to ends-out recombina-
tion. Nevertheless, such results directly support the idea 
behind the model that is presented here.

The possibility of multiple recombination during tan-
dem plasmid integration was briefly but vaguely men-
tioned also by Plessis and Dujon (10) and elsewhere (23). 
Such a possibility of simultaneous recombination between 
more than two DNA molecules in a living yeast cell has 
indeed its experimental corroboration reported by several 

groups. One group demonstrated coincidental recombi-
nation events between three chromosomes initiated by a 
double-strand break (24). Evidence of a tripartite recom-
bination involving one plasmid and two chromosome 
molecules was also indicated in diploid yeasts (25). Fur-
ther, recent results indicate that a single DSB on a chro-
mosome can search the entire genome for a homologous 
partner in order to complete the repair (26 ). This could 
lead to triparental translocations between heterologous 
chromosomes. Altogether, these experiments clearly dem-
onstrate that multi-partner recombination exists in yeasts. 
Moreover, consequences from Ruiz et al (26 ) addition-
ally suggest independent DSE homology search which 
nicely corroborates with the predictions of the simultane-
ous model.

COMPAIRING THE SIMULTANEOUS 
MODEL OF MULTIPLE PLASMID 
INTEGRATION WITH THE EXISTING 
MODELS

The most striking knowledge emerging from overall 
considerations on multiple plasmid integration arises 
from the fact that there is no experimental possibility to 
discriminate between the proposed models (when non-
gapped plasmids are used; but see further chapter). Apart 
from circumstantial evidence (see 7, 10) we cannot clear-
ly distinguish them since both reactions give the same 
genetic outcomes. Here, we will compare the existing 
models with the simultaneous model – which bears the 
possibility to unify them although it also produces the 
same genetic outcomes – in order to plausibly evaluate 
their individual and/or mutual weak-points and to pro-
pose which one best fits the experimental evidence.

As it was discussed before, the most serious argument 
supporting the independent model was presented when it 
was shown that gapped plasmids integrate as filled mol-
ecules (7). That means that all of them recombine inde-
pendently with the chromosome ruling out the possibil-
ity of super-plasmid formation prior to recombination 
initiation. On the other hand, the possibility of non-in-
dependent integration (super-plasmid integration) was 
also seriously experimentally corroborated when it was 
shown that all integrated plasmids are located in only one 
chromosome copy (10). Moreover, the 20-fold higher re-
ciprocal recombination between co-transformed plasmids 
than between plasmid-chromosome during co-transfor-
mation (27) and the increased frequency of co-integra-
tions dependant on the increased amount of transforming 
DNA also favor the non-independent integration sce-
nario (10). Therefore, while the sequential model cannot 
clearly explain the one-chromosome-copy plasmid loca-
tion, the non-independent model is equally unable to 
grasp why the plasmids are integrated as filled molecules 
(the gap can only be filled if each plasmid molecule re-
combines with the chromosome separately).

Figure 2. Model of simultaneous, multiple integration of plasmid 
molecules into the yeast chromosome. A. First plasmid molecule 
invades the chromosomal site using only one DSE (attack with the 
longer end); B. Second plasmid molecule enters the reaction by 
invading the chromosome with its shorter end while the longer end 
remains paranemically attached to the chromosome; C. Branch 
migration involves more or even the entire invading homology of 
the longer end of the first plasmid molecule and subsequent ille-
gitimate end-joining of the free DSEs from each molecule forms a 
super-plasmid; D. Reciprocal resolution integrates the super-plas-
mid into the chromosome. The dotted structure represents the par-
anemic pairing (see text).



Simultaneous plasmid integration Petar T. Mitrikeski et al.

Period biol, Vol 116, No 3, 2014. 245

The most visible explanation of one-chromosome-copy 
plasmid location during the sequential integration is the 
possibility that all plasmid molecules in the cell are even-
tually attracted by the recombining chromosomal site due 
to high protein and/or intermediates assembly (7, 10). 
Similarly, in a diploid cell the site that first started to re-
combine might also attract all the plasmid molecules 
dwelling the cell. However, it is still difficult to imagine 
how the separate integration of several plasmids in more 
than one recombination rounds will not increase the 
chance of spreading the genetic events on both chromo-
somes. On the other side, the simultaneous model pro-
poses in situ multi-plasmid recombination.  Here, either 
all present plasmids get engaged in a multi-partner recom-
bination reaction or most of them, being attracted by the 
recombining site following the integration of the first plas-
mid, also eventually undergo localized multi-partner re-
combination avoiding the alternative homologous site. 
This possibility would decrease the need for separate 
rounds of integration concomitantly reducing the possi-
bility of multi location integration in a diploid cell. Nev-
ertheless, both the independent and simultaneous models 
do not have the capacity to completely exclude such a 
possibility. Therefore, this dilemma is better explained by 
single multimer integration as predicted by the non-inde-
pendent model.

On the other hand, the non-independent model can-
not explain how it is possible to integrate all gapped plas-
mids as filled molecules since super-plasmid dependent 

integration excludes the possibility of filling the gap. If 
the initial plasmids are gapped, the multimer would be 
likely composed of non-filled molecules. Accordingly, the 
simultaneous model predicts that each molecule during 
multi-partner reaction interacts with the chromosome by 
only one DSE also ruling out the possibility of filling the 
gap during the recombination. Therefore, during the si-
multaneous recombination some of the integrated copies 
must be truncated contrary to the non-independent mod-
el where all of them are truncated. However, during the 
sequential model all recombining molecules are getting 
filled making separate plasmid integration the best expla-
nation of this genetic outcome.

Altogether, this comparison clearly shows that the sec-
ond dilemma (integration of filled molecules) can only be 
explained by the independent model contrary to the first 
dilemma (one-chromosome-copy plasmid location) that 
could better be explained by the non-independent model 
but, however, plausible explanation are also coming from 
both the sequential and the simultaneous models. There-
fore, this theoretical comparison is more supportive of the 
independent that of non-independent model.

Is the simultaneous model plausible?

The simultaneous model presented here served as a 
theoretical tool to discriminate between the sequential 
and the multimer model of multiple plasmid integration. 
It appears that this model bears the power to unify the 
existing models owing to the possibility that several plas-

Figure 3. Theoretical base for experimental testing of all proposed models on multiple plasmid integration. Note that not all genetic outcomes are 
presented due to maintaining the simplicity of the drawing.
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mid molecules simultaneously recombine with one chro-
mosome site and thus exclude both the need for separate 
integration rounds and the pre-formed multimer integra-
tion. However, while the simultaneous model offers a 
plausible explanation for one-site integration it is also un-
able to clearly explain the experimental finding showing 
that all gapped plasmids are integrated as filled molecules. 
This was earlier evaluated by analyzing 14 transformants 
showing multiple plasmid integration (7). However, this 
number seems rather small for a definitive conclusion. 
While it might be that the sequential model is predomi-
nant it still does not mean it is exclusive to other models 
including the simultaneous model. Indeed, the simultane-
ous model fairly overrides the prerequisite of multimer 
integration and offers a possibility that not all copies of 
gapped plasmids integrate as non-filled molecules (as hap-
pens with the non-independent model) leaving the foun-
dation for experimental evaluation of all proposed models.

We believe that there is no reasonable doubt that 
would render the simultaneous model impossible. How-
ever, unless tested experimentally we cannot clearly tell. 
One possibility to discriminate between all the proposed 
models is to use only gapped plasmids for transformation 
while concomitantly searching for a tandem multiple 
plasmid integration bearing some truncated copies of the 
integrated molecules (Figure 3). All truncated copies 
would indicate multimer integration, all non-truncated 
sequential integration and partial truncation would be 
supportive of the simultaneous model.

CONCLUSION

Targeted plasmid integration frequently proceeds by 
integrating more than one molecule into the genome. This 
could be interpreted either by dependant integration 
where a pre-formed super-plasmid molecule integrates 
into the genome or by sequential integration of several 
independent molecules. However, neither of these models 
is able to comprise all the experimental data. Therefore, 
in order to discriminate between the existing models here 
is presented a theoretical model based on the possibility 
that two plasmid molecules recombine with the targeted 
chromosome simultaneously excluding both the super-
plasmid formation and the sequential integration. The 
theoretical comparison extracted the sequential model as 
a better overall explanation. However, it cannot be clear-
ly shown that this is the only pathway of multiple plasmid 
integration rendering the alternative models (including 
the simultaneous model) also plausible. Finally, the theo-
retical comparison revealed a base for experimental test-
ing of all the existing models provided that the transfor-
mation is preceded by gapped plasmids.
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