Chapter 6

Bacterial Genetics

DNA Structure

Deoxyribose nucleic acid (DNA) and RNA are chains of repeated nucleotides (A, G, C, and T in DNA, and U replaces C in RNA).  A nucleotide is a nitrogenous base, a five-carbon sugar (ribose in RNA and deoyribose in DNA) and one to three phosphate molecules (Figure 6.1a).  The nitrogenous bases can be grouped by structure (Figure 6.1b), into purines (adenine and guanine) and pyrimidines (thymine, cytosine, and uridine in RNA alone).  In the DNA backbone, the sugar and phosphate alternate (sugar-phosphate-sugar…), and each sugar is linked to one of the four nitrogenous bases.  DNA is double stranded, with both strands oriented “anti-parallel” to each other (Figure 6.1c).  The two DNA strands are held together by hydrogen bonding between complementary bases (called base-pairing).  Because A must pair with T, and C must pair with G, the bases on one strand determine the sequence on the complementary strand (this limitation is called Chargaff’s rule).  Finally, DNA is said to be a double helix, because the strands of DNA are twisted around each other.

DNA Replication

Before a cell divides, it must copy (replicate) its DNA.  DNA replication starts with breaking the hydrogen bonds between base pairs to separate the two strands, like opening a zipper (Figure 6.3).  Each unzipped strand has unpaired bases, which act as a “template” for creating its copy, following Chargaff’s rule.  The enzyme, DNA polymerase, joins each nucleotide together, one by one, to form the complementary or daughter strand of DNA.  This happens on both template strands of the parent, to create two new copies of DNA (replication is semi-conservative).  Mistakes in replication are rare, but each unrepaired mistake results in a mutation.  Eucaryotic chromosomes are linear; however, in many bacteria (and all plasmids), the DNA is circular.  On circular DNA, replication can be bidirectional; the two “replication forks,” traveling in opposite directions, eventually meet each other on the opposite side of the circle (Figure 6.4).

Proof of DNA as the Genetic Material

Watson and Crick correctly predicted the structure of the DNA double helix in a paper published in 1953 (Box 6.1).  The earlier work of others showed that DNA is the genetic material (Table 6.1).  Griffith discovered that a “transforming principle” could be transferred from killed, capsulated streptococci (S for smooth) to non-capsulated streptococci (R for rough).  These R cells were “transformed” into virulent S cells (Figure 6.5).  Later, in 1944, Avery, MacLeod, and McCarty applied biochemical techniques to show that Griffith’s transforming principle (i.e., the genetic material) was the chemical DNA (Figure 6.6).  Hershey and Chase in 1952 used an E. coli virus (phage) to confirm that DNA is the genetic material (Figure 6.7). Phages radioactively labeled with either 35S-protein or 32P-DNA were used to infect E. coli.  After infection, the protein remained outside of the cell, while the DNA entered the cell.  Moreover, the new phage contained radioactive DNA, but no protein; these results confirmed DNA as the genetic material. 

Transcription:  DNA to mRNA

The process of expressing the information encoded in genes occurs in two steps: transcription and translation.  In transcription one strand of DNA is used as a template for transcribing an RNA copy, in a process similar to DNA replication (Figure 6.8).  Transcription is restricted to a region of DNA beginning with a promoter sequence and ending with a terminator sequence.  This strand of RNA is termed mRNA (for messenger RNA).

Translation:  mRNA to Protein

The final step in making a protein is translation (Figure 6.9).  The information encoded in mRNA (written in four letters, A, G, C, and U) must be converted by ribosomes into a strand of protein (with its twenty-letter alphabet of amino acids). Each amino acid has a central carbon atom (Figure 6.10) flanked by an amino group (NH2) and a carboxyl group (COOH); one of twenty possible side chains is also attached to the central carbon.  Ribosomes, with tRNA (Figure 6.9), decode the message and link the amino acids together via peptide bonds. Ribosomes read the message in blocks of three letters (codons).  Each codon hydrogen bonds with the complementary anticodon of a tRNA  (the opposite end of the tRNA is bound to the amino acid it specifies).  There are 64 possible codons in the genetic code (Table 6.2).  As most amino acids are encoded by two or more codons, the genetic code is redundant.  There is just one start codon (AUG, which codes for methionine in eucaryotes and formyl-methionine in bacteria) and three stop codons (no complementary tRNA exists for stop codons).


When the sixth amino acid in the protein hemoglobin is mutated from a glutamic acid to a valine, a mutated form of hemoglobin results (as found in sickle cell anemia).  This single nucleotide change in the codon for glutamic acid is an example of a point mutation.  Due to redundancy in the genetic code, many point mutations in the third position of a codon are silent (i.e., do not change the amino acid specified).  The first two nucleotides in a codon, alone, frequently specify the amino acid (i.e., the third or “wobble” nucleotide, may be irrelevant).  

Gene Expression

Both procaryotes and eucaryotes have a continual need for certain proteins; an enzyme that is always expressed is a constitutive enzyme.  Many genes encode products that are required only at certain times; expression of these genes is regulated.  For example, an inducible enzyme is only needed when its substrate is present.  The gene is turned on (induced) only as needed.  An enzyme that is responsible for synthesizing an amino acid would not be required if the amino acid were present in adequate amounts in the cell.  The expression of this enzyme might be repressed in the presence of the amino acid.  In bacteria, operons are a group of functionally related genes that are controlled by the same regulatory sequences (promoter).

Bacterial Genetics
Mutations

Mutations cause a change in the nucleotide sequence in DNA.  Mutations can be harmful, beneficial (rare), or have little or no effect on the cell.  There are several types of mutations that are recognized (Table 6.3).  Point mutations result in a single nucleotide change in the DNA.  Mutations also result from an insertion or deletion of one or more nucleotides.  Mutations can occur as an error of replication, or they may result from chemical or physical agents termed mutagens.  Large insertions, caused by transposons (jumping genes), are an important source of mutation in bacteria and eucaryotes.  Transposons carry one or more proteins that enable them to move from one point on a chromosome to a different location on a chromosome, or they may even “jump” onto a plasmid.  Some transposons carry antibiotic resistance genes.  

Recombination

Genetic recombination in sexually reproducing eucaryotes is said to be vertical, as it involves passing on genetic change from parents to offspring via reproduction.  Sexual reproduction involves the fusion of male and female haploid gametes to produce a diploid zygote.  Each gamete has half of the full complement of chromosomes characteristic of that species.  Also, each gamete represents one of many possible combinations of these chromosomes.  Genetic recombination is further increased by having the gamete from one individual fuse with the gamete of an unrelated individual.


In asexually reproducing microbes, recombination is separate from reproduction.  Recombination can occur in the absence of sex by several types of horizontal gene transfer -- transformation, transduction and conjugation (Table 6.4).  Horizontal recombination occurs between a donor cell and a recipient (i.e., not progeny).

Transformation

Transformation is the uptake of “naked” DNA from the environment.  Usually this DNA is in relatively short fragments released from dead cells (as in the case of Griffith’s R and S streptococci, discussed earlier).  Recombination takes place when the donor DNA recombines, by homologous recombination, with the DNA of the recipient.  A bacterium is said to be competent if foreign DNA is able to cross the bacterial cell envelope.  Some bacteria are naturally competent, but most must be rendered competent through laboratory manipulation (e.g., electroporation, chemical treatment, etc.).  For the donor DNA to displace a region of the recipient’s DNA, there must be a certain level of homology (sequence similarity).  

Transduction

Transduction also involves transmission of DNA from a donor to a recipient cell.  In this case, a bacteriophage vector transmits the donor DNA. In generalized transduction (Figure 6.13), the lytic phage cycle, DNA fragments of a certain size (host or phage) are taken up by empty phage “heads” (capsids).  The rare virions that have taken up host DNA are said to be defective, but they can infect and deliver the donor DNA to a new host.  In specialized transduction (Figure 6.14), a lysogenic prophage is integrated into the host’s chromosome.  When a prophage is induced to enter a lytic cycle, imprecise excision of the prophage DNA may result in a host’s genes being excised along with the phage DNA.  This is a rare event, but defective phage particles (which carry host DNA) may be generated. When such particles infect a new host cell, they can deliver the donor DNA to the recipient.  In both types of transduction, genetic recombination results when the donor DNA displaces DNA of the recipient by means of homologous recombination.

Conjugation
Bacterial conjugation is character​ized by direct cell-to-cell contact between a donor and recipient (Figure 6.15). The donor must have an F factor (plasmid) meaning “fertility factor.” Carriers of the F plasmid are F+cells, and those that lack it are F—.  F+cells pro​duce a sex pilus, which acts as a bridge between donor and recipient.  During mating, a single strand of the F plasmid DNA crosses over into the F— re​cipient (Figure 6.16).   Once the ssDNA is copied to dsDNA, the donor and recipient are F+.  In Hfr (high frequency of recombination) cells, the F plasmid is integrated into the chromosome. During DNA transfer, the host genes are transferred in linear order.  The number of host genes transferred varies with duration of contact; rarely are all of the host’s genes transferred.  The recipient is now a recombinant F— cell (the F+ genes are transferred last). 

Horizontal gene exchange in bacteria, along with mutation, increases the diver​sity of a bacterial population (Table 6.4).  Diversity, in turn, makes the population of cells better able to adapt to new envi​ronments. This is a concern of public health officials, as more bacteria adapt to become antibiotic resistant.
