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Abstract 

The technology of gene knockout is based on gene targeting, a useful technique that utilizes 
homologous recombination to modify the genome of a living organism primordially developed in yeast 
Saccharomyces cerevisiae. During this process an in vitro engineered exogenous DNA fragment is 
transformed into a cell in order to permanently modify targeted genomic counterpart creating a 
selectable and heritable genomic change. This property allows extensive utilization of such a 
technological approach in both basic and applied research. 

 

Introduction 

Genomes of living organisms could be altered by gene targeting technology (targeted 
insertion mutagenesis) utilizing homologous recombination and producing a selectable and heritable 
genomic change that pursues a specific scientific or technological purpose. During this process an in 
vitro engineered exogenous DNA sequence (i.e. plasmid, altered gene or engineered disruption 
cassette) is transformed into a cell in order to recombine with the targeted genomic counterpart 
leading to an anticipated genetic rearrangement. As a result, the targeted genomic sequence is either 
modified or entirely replaced by the transforming sequence although other less- or un-desired 
outcomes are possible. Both basic and applied scientific studies extensively utilize such a technological 
approach in their research strategies. Organisms altered in this way are known by various 
designations but, however, the most accepted is the term genetically modified organisms, although 
labels such as knockout organisms or simply knockouts are equally accepted. To date, this technology 
has been successfully applied in many organisms starting from unicellular eukaryotes and ending with 
mammalians including even human cells. Moreover, this technology made possible research endeavors 
such as Saccharomyces Genome Deletion Project (http://www-
sequence.stanford.edu/group/yeast_deletion_project/deletions3.html) which purpose was to generate 
a complete set of yeast deletion strains (each strain contains one specific gene deleted). The success 
of this project has recently encouraged others to start similar research on more complex organisms 
such as mouse (http://www.knockoutmouse.org/). The overall goal of such huge and international 
research engagements is assigning specific function to all the ORFs (open reading frame; genes) in 
one organism through phenotypic analysis of the mutants. 

This lecture will focus on the initial development of the technology rather than on its contemporary 
extensions and hence, a partially historical overview will be offered along with the presentation of its 
genetic mechanisms in yeast. The lecture therefore aims to accomplish a deeper understanding of the 
technique presenting its intrinsic power but also discussing its drawbacks and constraints. 
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Gene targeting 

Gene targeting was primordially developed in yeast Saccharomyces cerevisiae opening the 
molecular era in eukaryotes. The beginning of this technology has its roots in the initial experiments 
of yeast transformation when Hinnen at al. (1978) showed that circular, non-replicative plasmid 
bearing a yeast gene could transform the cell by integrating into its genome (Figure 1). During this 
process the plasmid sequence was found predominantly integrated into the homologous genomic 
counterpart doubling the recombining sequences (genes) (Figure 1.A.b.). Alternatively, the 
homologous recombination between the plasmid (exogenous DNA) and the chromosome (endogenous 
DNA) could proceed without plasmid integration, presumably by gene conversion, also leading to 
selectable genetic alteration (Figure 1.A.a.). Due to the fact that exogenous DNA recombines almost 
exclusively with its homologous counterpart in the chromosome this phenomenon is usually 
designated as gene targeting. However, during Hinnen’s experiment the plasmid was also found 
integrated elsewhere in the genome miss-targeted by illegitimate recombination (Figure 1.B.) opening 
the question of accuracy. 

 

Figure 1. Recombination of a circular plasmid that bears no yeast origin of replication with 
yeast chromosome (according to Gjuračić et al., 1994). A. Homologous recombination: a. 
gene conversion; b. plasmid integration into the chromosome (reciprocal exchange either with 
or without gene conversion; occasionally more than one plasmid molecule can integrate); B. 
Illegitimate recombination (usually rare in yeast). Red and pale-red: plasmid or chromosome 
homology (i.e. gene); Black: non-homologous part of the chromosome; Gray: non-
homologous part of the plasmid; Yellow: centromer. WT: wild type; M: mutation. 
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Further research revealed that introducing the double-strand break (DSB) into the yeast sequence 
(gene) in the plasmid greatly increases the frequency of recombination both in yeast (Orr-Weaver et 
al., 1981) and mammalian cells (Smithies et al., 1985). Moreover, the DSB targeted the exogenous 
DNA exclusively into the genomic homology greatly enhancing the precision of the method (Figure 2.). 
This way simply by in vitro cutting of the yeast sequence in the plasmid, the exogenous DNA could be 
precisely guided into desired homologous part of the genome in order to alter it. Due to inwardly 
oriented DNA ends, generated after the introduction of the DSB and pointing to each other in a way 
that upon ligation could restore the intact molecule, this gene targeting approach is usually known as 
ends-in strategy (Hastings et al., 1993). However, one obvious disadvantage of this strategy is its 
inability to delete the targeted genomic sequence. It rather disrupts the desired gene by inserting the 
foreign DNA at the target site without deleting the targeted gene. Furthermore, the genetic structure 
left in the genome after the integration is often unstable leading to undesired genomic 
rearrangements. Since for much basic and applied research such drawbacks are unacceptable a more 
advanced approach was later developed. 

 

Figure 2. Recombination of integrative, either circular or linearized plasmid with yeast 
chromosome. The plasmid carries two yeast homologies (genes). A. Integration in either 
chromosomal targeted site is approximately equally probable. B. One of the homology is 
disrupted by double strand break which exclusively targets plasmid integration into the 
appropriate chromosome homology. Red and green: chromosome and plasmid homology; 
Black: non-homologous part of the chromosome; Gray: non-homologous part of the plasmid; 
Yellow: centromer. 

 

Ends-out strategy 

The limitations of the ends-in approach were circumvented by introducing replacements 
strategies. These were also developed in yeast (Rothstein, 1983) and later successfully implemented 
in mammalian cells as well (Thomas & Capecchi, 1987). Here also linear exogenous DNA is used to 
transform the cell and target the desired genomic sequence in order to modify it. However, unlike the 
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ends-in method, the edges of this exogenous fragment correspond to two divergent, discontinuous 
stretches of DNA and hence, this approach is usually called ends-out strategy (Hastings et al., 1993). 
The key properties of the fragment are its ends that are homologous to the regions flanking the 
targeted gene but, however, the gene itself is replaced by a selectable marker (Figure 3). Because the 
ends of the linear DNA are recombinogenic, the replacement of the targeted gene by the selectable 
marker is facilitated upon transformation via homologous recombination. 

 

Figure 3. Targeted gene replacement (ends-out strategy) (Rothstein, 1983). Blue: 
chromosome and plasmid homology (Pale-blue: open reading frame); Red: selectable marker 
replacing the gene; Black: non-homologous part of the chromosome; Yellow: centromer; 
Packman: restriction endonuclease. 

Demand for complete deletion and limited possibility of repetitive use of the method are most obvious 
constraints of this approach. The classical Rothstein’s approach only disrupts the targeted genomic 
sequence leaving fragments of the gene in the genome, raising potential doubt about the null 
phenotype. To address this drawback, a polymerase chain reaction (PCR)-mediated gene replacement 
was developed (Baudin et al., 1993). This approach allows complete deletion of the desired gene 
being replaced with an auxotrophic marker gene (Figure 4.A.). To impellent this splendid technique 
one requires only knowledge of the genomic sequence of the gene of interest. The method utilizes 
two PCR primers of approximately 60 nucleotides (nts) each. Within those, 20 nts at the 3’ ends of 
each primer is used for the amplification of an auxotrophic marker. The residual 40 nts at the 5’ ends 
are identical to the left and right genomic sequence flanking the gene of interest and is used for 
targeting. Using this set of primers, a replacement cassette is produced that bears a selectable marker 
flanked by 40 base pairs (bp) of genomic sequence identical to the flanks of the desired gene to be 
targeted and replaced. Upon transformation, stable transformants are selected on appropriate 
medium and analyzed. 
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Figure 4. Advanced approaches for targeted gene replacement. A. Polymerase chain reaction 
(PCR)-mediated gene replacement (Baudin et al., 1993). Selectable marker is integrated into 
the genome stably and permanently and hence, the new round of targeting demands a new 
marker. B. After integration, the marker is excised by site-specific recombination between the 
repeated direct sequences (DR) bordering it and thus the limitation from the earlier approach 
is avoided (Alani et al., 1987). Red: selectable marker replacing the targeted gene; Blue: 
targeted gene or its flanking homologies (Pale-blue: open reading frame); Black: non-
homologous part of the chromosome; Gray: non-homologous part of the plasmid; Yellow: 
centromer; Open-head arrows: PCR primers. DR: direct repeats (green). 

However, the repetitive use of the method in the same recipient cell demands that for each new 
disruption a novel marker should be used. The limited number of markers therefore limits the 
repetitive application of the method. To overcome this constrain, a principle of marker recycling was 
introduced. The process is made possible by short direct repeats flanking the marker. After 
integration, the marker is excised by site-specific recombination between the repeats living the 
recipient strain ready for the next round of targeted disruption (Figure 4.B.) (Alani et al., 1987). This 
sophisticated approach was even further advanced by introducing induced excision of the marker. 
Here, combinations of site-specific recombinases and their target sequences achieve high frequency of 
excision. For instance, the loxP–kanMX–loxP gene disruption cassette, combining the advantages of 
the heterologous kanrr marker with those from the Cre-loxP recombination system was later on 
developed (Güldener et al., 1996) (Figure 5). This disruption cassette efficiently integrates via 
homologous integration at the targeted genomic locus and upon expression of the Cre recombinase 
the kanMX module is excised by an efficient recombination between the loxP sites, leaving behind a 
single loxP site at the chromosomal locus. The expression of the Cre recombinase, which is controlled 
by GAL1-promoter, is achieved by shifting the yeast culture from glucose to galactose medium. This 
system has allowed repetitive use of the kanrr marker gene and brought great advantage for the basic 
and applied research. 
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Figure 5. The loxP–kanMX–loxP gene disruption cassette system (Güldener et al., 1996). Red: 
kanrr marker replacing the targeted gene; Blue: targeted gene or its flanking homologies 
(Pale-blue: open reading frame); Black: non-homologous part of the chromosome; Gray: non-
homologous part of the plasmid; Open-head arrows: PCR primers. loxP: direct repeats 
(green). GAL1-p: inducible GAL1-promoter. cre: gene for Cre recombinase. 

 

Mechanisms of gene targeting/replacement 

Deeper insight into the genetic mechanisms powering the gene disruption/replacement 
mutagenesis is potentially important for developing new technological advances in the field of 
targeted genome alteration. All of the so far described techniques utilize the potentials of the 
homologous recombination that allows two DNA molecules that share sequence homology to undergo 
strand transfer and/or exchange by using the recombination machinery of the cell. As a consequence 
a new genetic locus is created in the genome of the recipient cell that is screened by adequate 
selection. Therefore, gene targeting basically represents DSB repair (DSBR) by homologous 
recombination (for more comprehensive details on yeast homologous recombination 
strategies/pathways and models see Szostak et al., 1983; Paques & Haber, 1999). Several models 
explain the mechanisms of targeted mutagenesis during either strategy ends-in or ends-out. 

According to the prevailing model of vector integration during ends-in strategy (Paques & Haber, 
1999; van den Bosch et al., 2002), free 3’-ends that are generated by 5’-3’ exonucleolytic cleavage 
invade the homologous genomic template due to their recombinogenicity (Figure 6). Upon the 
invasion, a D-loop is formed and enlarged by DNA replication subsequently resulting in two Holliday 
junctions. Their resolution may occur in two different ways leading to either the additive integration of 
the plasmid or the release of a repaired circular plasmid molecule. 
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Figure 6. Double-strand-break repair mechanism of targeted vector integration (Paques & 
Haber, 1999; van den Bosch et al., 2002). Thin line: plasmid; Thick line: chromosome. The 
open-head arrows indicate the 3’-ends of the invading DNA. 

On the other hand, the mechanism of gene replacement during targeted integration by ends-out 
strategy is not entirely elucidated. Several models exist that explain this process. According to one 
model (Paques & Haber, 1999; Leung et al., 1997), the replacement of the genomic target by the 
exogenous transforming DNA occurs by assimilation of the vector as a linear single-strand DNA 
(ssDNA) and concomitant formation of a transient heteroduplex structure (Figure 7). These results 
suggested that an ends-out DNA fragment may integrate into the genomic target by mechanism that 
does not necessarily includes two crossovers favoring replacement. To challenge these predictions, 
other model was proposed later on (Manthey & Bailis, 2002). Here, targeted replacement is 
accomplished by cutting, chewing and pasting of DNA and seems to be independent of DNA 
replication, formation and resolution of Holliday structures (Figure 8). Therefore, the two models bear 
the opposite assumptions. According to the fist model, recombination leading to integration and 
subsequently replacement of the genomic target by the transforming fragment starts by one-end 
invasion but pursuant to the second one it starts by both-ends invasion. Effectively, the two ends of 
the targeting fragment are unrelated broken ends, so the mechanism of integration may involve 
initially uncoordinated interactions between each end of the targeting fragment and its corresponding 
homology in the genome. However, the results of one excellent later study suggest that both models 
are relevant but the assimilation mechanism is probably a minor pathway in wild-type yeast cell 
(Langston & Symington, 2004). Therefore, gene targeting in yeast should be typically initiated by 
separate strand invasions at both ends of the targeting molecule. Yet, infrequently gene targeting 
may occur by assimilation of ssDNA encompassing both flanking homology regions into heteroduplex. 
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Figure 7. Ends-out targeting vector integration by assimilation of ssDNA (Paques & Haber, 
1999; Leung et al., 1997). Thin line: vector; Thick line: chromosome. The open-head arrow 
marks the 3’-end of the invading ssDNA. 

 

Figure 8. Ends-out vector integration by separate strand invasions at both ends of the 
targeting molecule (Manthey & Bailis, 2002; Langston & Symington, 2004). The replacement 
is supposed to be accomplished by cutting, chewing and pasting of DNA (not shown). Thin 
line: vector; Thick line: chromosome; Blue: selectable marker. The open-head arrows mark 
the 3’-ends of the invading DNA. 
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Gene targeting side-effects due to illegitimate recombination 

The gene targeting technology has its drawbacks and constrains that limit their applicability. I 
have already briefly discussed few of them in the previous sections. Here I will rather focus on 
illegitimate integration of disrupting/replacing vectors that leads to miss-targeting and hence may 
hamper the technology. Although in yeast Saccharomyces cerevisiae homologous recombination is 
predominant strategy (pathway) of DSBR, illegitimate integration of ends-in vectors in the presence of 
genomic homology is rare but do exist. In one study the frequency of miss-targeting during ends-in 
recombination was shown to be 6.2×10-4 (Zgaga et al., 2001). This frequency is considerably lower 
compared to higher eukaryotic cell but inevitably shows that such possibility poses inconveniences to 
application of the technology even in organisms like budding yeast. Therefore, due to strong bias 
against homologous integration, illegitimate recombination is in fact a serious constrain of gene 
targeting in both lower (such as non-Saccharomyces yeasts) and higher eukaryotes (Klinner & 
Schäfer, 2004). 

Yet another completely unexpected possibility revealed that gene targeting by itself could surprisingly 
become a source of illegitimate recombination due to liberating ssDNA during homologous integration 
of ends-out vectors (Svetec et al., 2007). The model presented on Figure 9 accounts for a possible 
mechanism. Thus, this particularly interesting result establishes a special case of illegitimate 
integration after proper targeting. Accordingly, microarray profiling has earlier discovered frequent 
aneuploidies among yeast deletion mutants (Hughes et al., 2000) and authors suggested that this 
may be a result of illegitimate integration of ssDNA after ends-out recombination during targeting. 
Also, this result indicates that strand assimilation during ends-out integration may not be as rare as 
proposed and its appearance could be dependant on the targeted locus properties. Here, the targeted 
locus (ura3-52) had a large heterologous insertion integrated within the ORF that might have impaired 
simultaneous attack by both ends of the transforming fragment shifting the integration process 
towards assimilation mechanism (Mitrikeski & Zgaga; in preparation). 

  

Figure 9. Ends-out recombination as a source of illegitimate recombination during gene 
targeting (Svetec et al., 2007). Thin line: vector; Thick line: chromosome. The open-head 
arrows mark the 3’-ends of the invading DNA. 
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Concluding remarks 

 Gene targeting technology or targeted insertion mutagenesis is a main molecular tool utilized 
to alter a genome of a living organism initially developed and applied in yeast Saccharomyces 
cerevisiae. This genetic technique uses homologous recombination machinery of the cell to change an 
endogenous locus (for example, to delete a gene, remove exons, add a gene, and even introduce 
point mutations). Today this approach is widely used in many organisms from simple unicellular 
eukaryotes to even cultured human cells. This technology made even possible to establish libraries of 
yeast and mouse deletion strains in order to uncover the functions of all the ORFs in one organism. 
Moreover, this genome-alteration technology is contemplated and used as a basic genetic tool-kit in 
human gene therapy. However, even though it is most convenient for targeted genetic manipulations, 
the overall results warn that such manipulations are associated with unexpected genetic alterations in 
the recipient strain. This possibility seriously confines its wider use in applications of human 
manipulative genetics. 
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