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Introduction
The goal of this paper is to identify a method to engineer bacterial genomes in yeast that can be used to create new bacterial strains. The researchers note that it is often difficult to engineer genomes in bacteria because there are only a few selection markers available for genetic alternations. On the other hand, it is very easy to manipulate genomes in yeast because of the vast resources available and the fast generation time.  The researchers will manipulate bacterial genomes in yeast and then transplant the genomes back into other bacteria to create new strains. This paper will exemplify how this method can be used to create a deletion in the Mycoplasma mycoides genome, which currently cannot be done in the bacterium given the lack of genetic tools.

Background research
First, the researchers must start with a desired M. mycoides genome so that they can clone it into yeast. Then, they must ensure that the cloned genome in yeast can be transplanted into bacteria before they can begin making modifications in yeast. The researchers created a genome in M. mycoides called YCpMmyc1.1 by transforming a vector with tetracycline resistance and ß-galactosidase so that they could screen for the bacteria that picked up the vector. Presumably the M. mycoides was grown on media with tetracycline and colonies were identified by color due to the ß-galactosidase. This vector also contained a yeast auxotrophic marker, a yeast centromere and a yeast autonomously replicating sequence, which will be used for selection and replication in yeast.  They confirmed that the entire vector integrated into M. mycoides by direct genomic sequencing and also that the YCpMmyc1.1 clone transplanted into M. capricolum. They define that YCpMmyc1.1 not only refers to the genome of the original M. mycoides strain, but also the same genome cloned in yeast, the genome transplanted from either yeast or M. mycoides, or the genome as free DNA from any of these sources. Since the YCpMmyc1.1 genome was successful in yeast and M. capricolum, it was isolated from M. mycoides and cloned into yeast strains VL6-48N and W303a. The researchers verified that the clones contained the complete genomes by running multiplex polymerase chain reactions (PCR) and using clamped homogenous electric fields (CHEF). They further tested for deletions that might occur during yeast propagation by screening 40 separate colonies derived from a single YCpMmyc1.1 clone and found that all contained complete genomes. This step was necessary because the method they are testing involves deletions so if deletions naturally occur during yeast replication, it would diminish the power of their work. Additionally they needed to confirm that the bacterial genome was sufficiently stable in yeast in multiple generations. Although they did not sequence all of the colonies, PCR or CHEF would have detected any major deletions. Also, since they eventually sequence the genome transplanted from yeast, it is reasonable to infer that the genome is stable and complete in yeast.
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Figure 1A

This figure explains the construct for the deletion of Type III restriction enzyme in yeast with the YCpMmyc1.1 genome.  

i) The original location of the Type III restriction enzyme (typeIIIres) is shown on top in light blue. P299 and P302 in the black arrows are the primers that will be used for PCR to detect the modifications. The bottom part labeled knock-out cassette contains a GAL1 promoter, which activates SCE1 endonuclease, and a URA3 selection marker. The 50 bp fragments indicated by arrows contain sequences that are homologous to the typeIIImod and intergenic region (IGR) sites in green and orange, respectively. The knock-out cassette will replace the typeIIIres gene by homologous recombination at the 50 bp sites into yeast containing the YCpMmyc1.1 genome. The yeast is grown on (–)His (–)Ura media so that only the yeast that take up the cassette will survive. 

ii) This construct shows the result of homologous recombination of the knock-out cassette in place of the Type III restriction enzyme. The circled red lines represent homologous tandem repeat sequences. Addition of galactose induces the GAL1 promoter, which activates the SCE1 endonuclease gene. SCE1 cleaves a double stranded 18-bp I-Sce I site shown by the asterisk. This break in the DNA allows the two homologous tandem repeats to interact and recombine, which results in deletion of the knock-out cassette. 5-flouroorotic acid (FOA) was used to select against the URA3 gene to produce only yeast that had deleted the knock-out cassette. URA3 normally aides in synthesizing uracil and addition of 5-flouroortic acid results in 5-fluorouracil, which is toxic to the cell. 

iii) The YCpMmyc1.1-∆typeIIIres construct is the result of the seamless deletion of the knockout cassette. The region between the primers P299 and P302 has been reduced to 693 bp.
Figure 1B

This is a PCR of the three types of constructs (i, ii and iii) in yeast and post-transplant are shown in Figure 1A. Figure 1A identifies the primers used as P299 and P302 and the size of the fragments between the two primers for each of the constructs. The bands coincide with the expected size of the DNA since lane i is around 3.1 kb, ii is around 3.36 kb and iii is around 693 bp. It is clear that the deletion was successful because the fragment is significantly shorter and there are no extra bands. The PCR was repeated with the post-transplant genomes, though it is not clear the specific source of the genome.

Table 1

The researchers isolated the YCpMmyc1.1 genome from yeast and transplanted it into wild-type M. capricolum. Successful transplant colonies were counted and identified by blue color and selection on tetracycline growth media. The numbers of colonies were averages of at least three experiments and the error represents the absolute mean deviation. As shown by the table in the first row of untreated VL6-48N strain, no colonies were obtained from the transplantation in wild-type M. capricolum. The researchers hypothesized that the unmethylated YCpMmyc1.1 DNA was being degraded by a restriction endonuclease from M. capricolum. To avoid this problem, they inserted a puromycin-resistance marker into the coding portion of the endonuclease gene in M. capricolum, rendering the gene inactive. As shown by the table, the removal of restriction enzyme in M. capricolum (RE-) resulted in transplanted colonies under all conditions of methylation and strain type except for the YCpMmyc1.1-∆500 kb strain that contained a sizeable deletion of presumed essential genes. The large deletion strain was a negative control because it lacked essential genes but retained the YCp element as well as TetM, the tetracycline resistance gene. Thus, their prediction that the restriction enzyme activity was degrading the DNA is consistent with the data. Then, they further tested whether methylation was sufficient to protect against the endonuclease gene by in vitro methylation of donor DNA transplanted into wild-type M. capricolum. The successful methods of methylation into wild-type M. capricolum recipient cells were the preparations of M. capricolum extracts, M. mycoides extracts and M. mycoides purified methylases. The mock-methylated samples were identical to the methylated samples in that they received proteinase K before the ß-agarase melting step except that they lacked extract or methytransferases. This mock-methylated treatment served as another negative control besides the untreated donor DNA to ensure that the methylation step, and not the proteinase K, was responsible for the positive transplantation. Thus, it was necessary to protect against restriction enzyme activity of M. capricolum for successful transplantation of the YCpMmyc1.1 genome and methylation of the donor DNA was sufficient to protect against the enzyme to produce transplanted colonies. The researchers also had to show that the yeast genome did not interfere with the transplantation results since the transplantations used donor YCp genome that also had yeast DNA. The YCp genome DNA was purified away from the yeast genomic DNA in two separate purifications.  The asterisk indicates a digestion of yeast genomic DNA using Asi SI, Rsr II and Fse I followed by pulsed-field gel electrophoresis. The cross indicates yeast genomic DNA separated using only pulsed-field gel electrophoresis. Both purifications were not substantially different from the unpurified transplantation experiments, suggesting that M. capricolum is tolerant of carrier yeast DNA. The transplantation experiments using the VL6-48N yeast strain only contained the YCpMmyc1.1 genome whereas the W303a strain included the YCpMmyc1.1 genomes and the engineered YCp genomes (YCpMmyc1.1-∆typeIIIres::URA3 and YCpMmyc1.1-∆typeIIIres). All engineered genomes and the original YCpMmyc1.1 genome were successfully transplanted into M. capricolum RE(-) recipient cells. Thus, the researchers concluded that bacterial genomes was stable in both yeast strains and transplanted into M. capricolum RE(-) recipient cells.  

Figure 2

A) The researchers verified that the transplantation in M. capricolum RE(-) recipient cells contained the desired M. mycoides DNA by Southern blot analysis using a probe specific to M. mycoides. The genomic DNA was digested with Hind III restriction enzyme for all three transplants (lanes M. mycoides YCpMmyc1.1, YCpMmyc1.1-∆typeIIIres::URA3 and YCpMmyc1.1-∆typeIIIres) as compared to the native M. mycoides YCpMmyc1.1 genome and the wild-type M. capricolum. The same characteristic bands were present in the native M. mycoides YCpMmyc1.1 genome as compared to the transplants. As expected, the probe did not bind to the wild-type M. capricolum because it is specific to M. mycoides. Thus, the M. mycoides genomes were taken up through transplantation in M. capricolum. 

B) In addition, the researchers showed that the Type III restriction enzyme was deleted in the engineered transplants by performing a Southern blot. The genomic DNA was digested with Eco RV restriction enzyme and probed with a typeIIIres gene sequence to test for the presence of the Type III restriction enzyme site. There is a band around 2 kb in M. mycoides YCpMymc1.1 that is absent in both ∆typeIIIres::URA3 and ∆typeIIIres transplants.  The wild-type M. capricolum serves as a negative control showing the absence of the restriction enzyme site in native M. capricolum. 

C) This shows the sequence information for the M. mycoides typeIIIres deletion from the transplants. The sequence is consistent with the construct outlined in Figure 1A and the colors corresponds to the regions in part iii of the figure. The light blue is the part of the Type III restriction gene that remained after the deletion because of the overlap between the typeIIImod (in green) and typeIIIres (in light blue) genes. The stop codon of the typeIIImod gene is boxed in black while the start and stop codons of the typeIIIres gene are boxed in red. Thus, the Type III restriction gene deletion from the M. mycoides genome is confirmed by the sequence data from the transplant.

Figure 3

This diagram shows the overall potential for inserting a bacterial genome into yeast, engineering and transplanting it back into a bacterium. First the necessary parts of a yeast vector are inserted into a bacterial genome and isolated with selection markers. The bacterial genome is cloned into the yeast, where it is available for modification using yeast engineering tools.  Only the yeast that had the desired modification would survive due to yeast selection markers. If necessary, the yeast genome would be methylated to protect from the recipient cell before transplantation into that cell. The yeast genome is transplanted into the recipient bacterium, where it is available for further modifications by the same mechanism.
Analysis
Overall this paper did a good job of describing a method that can be used to engineer bacteria genomes in yeast and transplant them back into bacteria. Figure 1A was relatively clear and communicated the necessary information about the engineered constructs. The only part that confused me initially was the mechanism by which the tandem repeats recombined in the YCpMmyc1.1-∆typeIII:::URA3 genome in order to produce the deletion. They labeled the tandem repeats in red but only labeled the right tandem repeat as TR so I thought only the right TR segment would recombine, which did not make sense. Another confusing aspect was that the definition of the YCpMmyc1.1 genome was pretty vague so it was not always clear the source of the genome as it could be free DNA, from M. mycoides, yeast or transplanted into another organism. They could have made it more clear by designating the specific source of the DNA. Otherwise, the paper did a good job of explaining the various genetic constructs. Figure 1B was a good way to verify that they got the size fragments expected given the engineered constructs. The PCR products for all three genomes are exactly what you would expect in yeast. They label the last three lanes as post-transplant but do not explain the source of the DNA. You might assume that it is from the W303a strain transplanted into M. capricolum because they show the data in Table 1, but it is unclear why they have that information in Figure 1B because they never explain it. However, it does show consistency between the sizes of the fragments in yeast and after transplantation. It would have been compelling evidence that the transplants were successful if they had taken the time to explain it.

Table 1 was pretty confusing in the way that they presented the data. First, it is unclear why they performed the methylation experiments in yeast strain VL6-48N and the engineered constructs in yeast strain W303a. It is difficult to compare results between strains so it would have been better to either pick a strain or do both experiments in both strains. The researchers claim that YCpMmyc1.1-∆500 kb is an appropriate negative control, but it should only definitively apply to yeast strain W303a, which means the other strain does not have a negative control for the donor genome. This design also makes the reader suspicious of whether the researchers are hiding bad results when the data are omitted from the table. They explain that the yeast genome might interfere with the donor YCp genome during transplantation so they purified the YCp genome away from the yeast genome by either digestion followed by pulsed-field gel electrophoresis or just pulsed-field gel electrophoresis. It is not completely surprising that there are fewer colonies after purification because typically products are lost during purification. However, what is unclear is why the yeast genome was only purified in the M. mycoides extract treatment of methylation and not all the methylation treatments, which would have been more consistent and would have shown more definitively that the yeast genome does not interfere with transplantation. 

Figure 2A is effective in showing that there is M. mycoides DNA in the transplants as would be expected given the native M. mycoides genome since the banding is identical. However, we really cannot say anything about the wild-type M. capricolum since no bands appear as expected. It would have been nice to see some sort of loading control to make sure the DNA was loaded from wild-type M. capricolum, which would have made it a more effective negative control. Figure 2B has the same problem of a lack of loading controls. In addition, it has a more serious problem that the Southern blot is testing for an absence of the Type III restriction enzyme, which is looking for a negative result. We do not know whether the DNA from the engineered transplants was loaded since no bands appear. It could be simply an issue that the Type III restriction enzyme was undetectable in the transplants since they compared the engineered transplants to the native M. mycoides genome. It would have been more compelling if they had included the transplanted M. mycoides YCpMmyc1.1 genome as they did in Figure 1A because at least you could rule out the possibility that transplantation affects the detection of the Type III restriction enzyme. However, given the other information, such as the similar PCR banding patterns in post-transplant as in yeast shown in Figure 1B and given the sequence data in Figure 2C, the researchers are justified in stating that they have produced a deletion of Type III restriction enzyme in the engineered transplanted genomes. It was nice to see that the colors of the sequences in Figure 2C corresponded with the colors of the construct in Figure 1A. The sequence analysis provided definitive evidence that the deletion occurred as designed in the original construct, which helps to support some weaknesses in the previous figures.

The last figure, Figure 3, provides a clear presentation of the overall method used in this paper. The researchers are trying to convince that their system is modular, meaning it could be used to make any type of modification including insertions, deletions or rearrangements. It is a nice review of the method used, but I almost feel that it could have gone at the beginning of the paper to help explain the end goal of the method. 

Overall there were some weaknesses in the figures but the researchers still achieved the end goal of describing an effective method of engineering bacterial genomes.

Future directions
The researchers have effectively shown that their method can be used to engineer bacterial genomes. It is interesting that it is possible to use many cycles of this method to produce complex modifications in bacterial genomes. The researchers also note that it would be possible to use random mutagenesis of the bacterial genomes in yeast to produce populations of genetically altered bacteria where specific traits could be repetitively selected after each round of cloning and transplantation. In this way, it would be possible to quickly engineer a genomic library of bacterial strains or introduce new traits into the strains. M. mycoides is a model system for understanding mycoplasmas, which are known to cause diseases in ruminants. Thus, this system for engineering bacterial genomes might be used to quickly engineer live vaccines for particular diseases.

The next step besides testing other alterations within the M. mycoides genome would be to test this method in other bacteria. In this way, it would be possible to modify pathogens that cause disease in humans to potentially engineer live vaccine strains in the same way as in the ruminants. This method could be extremely important in understanding microbes and pathogens by studying alternations to their genomes. The starting genome could be from Staphylococcus aureus for example cloned into yeast and transplanted back into the bacteria. If this method is shown to work universally in all types of bacteria, it could have wide applicability and could be used to produce biofuels or other synthetically engineered constructs. As it stands currently, it is often difficult to manipulate the genomes of microbes but much easier in yeast where there are vast resources for selection markers and other engineering techniques. Although the direct applications of this technique can only be hypothesized, it certainly has the potential to change the way that bacterial genomes are engineered in order to better understand and manipulate them.

References

Lartigue, C et al. Creating bacterial strains from genomes that have been cloned and engineered in yeast. Science 325, 1693 (2009).
