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Aims

• Introduce the experiments involved in the 
search of the identity of the genetic code. 

• Explain old experiments using our current 
understanding. 

• Explain biological concepts related to the 
experiments. 

• Highlight the importance of experimental 
design.



Griffith’s transformation experiment

Griffith, F. (1928). The Significance of Pneumococcal Types. The Journal of Hygiene, 27(2), 113–159.
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I. 6BSERVATIONS ON CLINICAL MATERIAL.
SINCE communicating my report' on the distribution of pneumococcal types
in a series of 150 cases of lobar pneumonia occurring in the period from April,
1920 to January, 1922, I have not made any special investigation of this
subject. In the course, however, of other inquiries and of the routine examina-
tion of sputum during the period from the end of January, 1922, to March,
1927, some further data have been accumulated2.

Table I gives the results in two series and, for comparison,those previously
published.

1 Reports on Public Health and Medical Subjects (1922), No. 13.
2 I owe many thanks to Dr J. Bell Ferguson, formerly Medical Officer of Health for Smethwick,

for sendirg me many specimens from cases of lobar pneumonia.
Jouri.. of Hyg. xxvii 8



 Streptococus 
pneumoniae 
(causes lung 
disease – 
pneumonia).

Griffith’s Model organism



Griffith’s Model organism

Streptococus pneumoniae



S. pneumoniae strains and mice survival 

• Infection with R strain results in the survival of 
mice. 

• Infection with S strain results in the death of 
mice.



Griffith’s Model organism

What makes R strain’s colonies rough?  

What makes the S strain colonies smooth? 

What makes R strain tolerable by the immune 
system of the host (not pathogenic)? 

What makes S strain intolerable by the immune 
system of the host (pathogenic)? 



Griffith’s Model organism

The capsule of the S strain gives it is smooth 
colony phenotype and it is reason for virulence



Griffith’s Model organism

Where does the capsule of the S strain come 
from?



Streptococus pneumoniae genomics
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Streptococcus pneumoniae is among the most significant causes of bacterial disease in humans. Here we report
the 2,038,615-bp genomic sequence of the gram-positive bacterium S. pneumoniae R6. Because the R6 strain is
avirulent and, more importantly, because it is readily transformed with DNA from homologous species and
many heterologous species, it is the principal platform for investigation of the biology of this important
pathogen. It is also used as a primary vehicle for genomics-based development of antibiotics for gram-positive
bacteria. In our analysis of the genome, we identified a large number of new uncharacterized genes predicted
to encode proteins that either reside on the surface of the cell or are secreted. Among those proteins there may
be new targets for vaccine and antibiotic development.

Worldwide, approximately 1.1 million deaths annually are
attributed to Streptococcus pneumoniae infection (22), account-
ing for 9% of all deaths in underdeveloped countries (37). S.
pneumoniae disease is not limited to the developing world.
Despite the availability of a broad arsenal of antibiotics and a
vaccine, S. pneumoniae remains one of the top 10 causes of
death in the United States (22). Furthermore, nearly one-third
of the S. pneumoniae isolates obtained from patients in the
United States are resistant to penicillin (11, 45) and the inci-
dence of strains resistant to multiple antibiotics is increasing,
making infections caused by this organism more difficult to
treat.

S. pneumoniae is a gram-positive coccus and a member of
the lactic acid bacteria, so named for their primary metabolic
byproduct. The lactic acid bacteria include the lactococci, a
group important in food and dairy industries, and the genera
Enterococcus and Streptococcus. Bacteria belonging to the ge-
nus Streptococcus live in association with animal hosts, as ei-
ther pathogenic or commensal organisms. Human pathogens
include the beta-hemolytic species, such as Streptococcus pyo-
genes (Lancefield group A) and Streptococcus agalactiae (group
B), as well as the human cariogenic species Streptococcus mu-
tans. A number of commensal species of streptococci can oc-
casionally cause opportunistic infections. S. pneumoniae (also
known as pneumococcus or Diplococcus pneumoniae) is the

major cause of acute bacterial pneumonia and otitis media. S.
pneumoniae is also a transient commensal, colonizing the
throat and upper respiratory tract of 40% of humans. S. pneu-
moniae isolates vary in their polysaccharide capsule, and at
least 90 different capsule types have been identified. Specific
capsule types are associated with the capacity to cause severe
disease.

To aid the search for new therapies, we determined the
entire genomic DNA sequence of S. pneumoniae strain R6. S.
pneumoniae R6 is a descendant of the type 2 capsule S (smooth
or encapsulated) clinical isolate used by Avery and coworkers
to demonstrate the genetic function of DNA (2), and it is used
worldwide as a standard laboratory strain. The lack of a poly-
saccharide capsule in R6 renders it avirulent and a safe strain
with which to work. The essential utility of the strain is its
genetic malleability.

MATERIALS AND METHODS

Bacterial strain. The S. pneumoniae R6 isolate was obtained from Alexander
Tomasz (Rockefeller Institute, New York, N.Y.). The strain is hex!, not a hex
mutant as had been reported previously (3). The parental S. pneumoniae strain
for R6 is R36A, which is a nonencapsulated strain derived from the capsular type
2 clinical isolate strain D39. R36A has multiple interruptions in the type 2
capsular locus inherited from D39 (21). Rollin Hotchkiss assayed single R36A
colonies for competence in transformation. S. pneumoniae R6 was selected based
on a high capacity to be transformed to penicillin resistant by using DNA from
a laboratory-constructed isolate of penicillin-resistant S. pneumoniae. The se-
quenced isolate of S. pneumoniae R6 is available from the American Type
Culture Collection (ATCC BAA-255).

Genome sequencing. Genomic DNA was isolated from bacteria grown in brain
heart infusion medium (Becton Dickinson, Franklin Lakes, N.J.). The purifica-
tion process included multiple phenol extractions, ethanol precipitations, and
spoolings. DNA was sheared, size fractionated, and used to create plasmid and

* Corresponding author. Mailing address: Infectious Diseases Re-
search, Lilly Research Labs, Eli Lilly and Company, Indianapolis, IN
46285-0438. Phone: (317) 277-0143. Fax: (317) 276-1743. E-mail: glass
_john_i@lilly.com.
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 R strain genome sequence. 

Genome size 2Mb.
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Streptococcus pneumoniae (pneumococcus) is a leading human respiratory pathogen that causes a variety of
serious mucosal and invasive diseases. D39 is an historically important serotype 2 strain that was used in
experiments by Avery and coworkers to demonstrate that DNA is the genetic material. Although isolated nearly
a century ago, D39 remains extremely virulent in murine infection models and is perhaps the strain used most
frequently in current studies of pneumococcal pathogenesis. To date, the complete genome sequences have been
reported for only two S. pneumoniae strains: TIGR4, a recent serotype 4 clinical isolate, and laboratory strain
R6, an avirulent, unencapsulated derivative of strain D39. We report here the genome sequences and new
annotation of two different isolates of strain D39 and the corrected sequence of strain R6. Comparisons of these
three related sequences allowed deduction of the likely sequence of the D39 progenitor and mutations that
arose in each isolate. Despite its numerous repeated sequences and IS elements, the serotype 2 genome has
remained remarkably stable during cultivation, and one of the D39 isolates contains only five relatively minor
mutations compared to the deduced D39 progenitor. In contrast, laboratory strain R6 contains 71 single-base-
pair changes, six deletions, and four insertions and has lost the cryptic pDP1 plasmid compared to the D39
progenitor strain. Many of these mutations are in or affect the expression of genes that play important roles
in regulation, metabolism, and virulence. The nature of the mutations that arose spontaneously in these three
strains, the relative global transcription patterns determined by microarray analyses, and the implications of
the D39 genome sequences to studies of pneumococcal physiology and pathogenesis are presented and
discussed.

Streptococcus pneumoniae (pneumococcus) is a major hu-
man respiratory pathogen that causes several serious diseases,
including pneumonia, otitis media (ear infection), sinusitis,
meningitis, and septicemia (reviewed in references 81, 112, and
114). Invasive pneumococcal diseases result in high rates of
mortality and morbidity, especially among young, elderly, de-
bilitated, and immunosuppressed individuals (54, 55). It is es-
timated that more than 1 million people die each year from
pneumococcal infections worldwide, especially in developing
countries (59, 80). In the United States and elsewhere, resis-
tance to a range of antibiotics is increasing at an alarming rate
among clinical isolates of S. pneumoniae (6, 60). As part of its
life cycle, pneumococcus exists as a commensal bacterium that
inhabits and colonizes the nasopharynx of up to 20 and 50% of
healthy adults and children, respectively, at any time (81, 113).
The transition from commensal bacterium to opportunistic
pathogen often occurs after another respiratory tract infection.

For example, pneumococcal pneumonia has been a leading
secondary infection and cause of death during influenza pan-
demics (9).

Strains of S. pneumoniae are categorized into serotypes
based on the structures of their exopolysaccharide capsules, of
which there are more than 85 kinds (35, 117). To date, the
complete genome sequences have been determined for only
two strains of S. pneumoniae (48, 110), and partial sequences
are being determined for other serotype strains that are prev-
alent as current clinical isolates (see references 20, 28, 42, 104,
and 109 and http://genome.microbio.uab.edu/strep/info/and http:
//www.sanger.ac.uk/Projects/S_pneumoniae/). The genome se-
quences of the virulent serotype 4 strain, TIGR4, which is a
recent clinical isolate (110), and the avirulent, unencapsulated
laboratory strain R6 revealed numerous aspects of the metab-
olism and genome organization of S. pneumoniae (48, 110). A
startling finding from these initial comparisons is the diversity
among the genomes of the different serotypes of S. pneumoniae
(109). In fact, as many as 10% of the genes may be substantially
diverged or absent in comparisons between the genomes of
different serotype strains (20, 42, 44, 109). In addition, pneu-
mococcal genomes contain a relatively large number of inser-
tion elements, transposon remnants, and repeat sequences,
which suggests that pneumococcal genomes may exhibit con-
siderable plasticity (109). Because of this extreme diversity, it

* Corresponding author. Mailing address: Department of Biology,
Indiana University Bloomington, Jordan Hall 142, Bloomington, IN
47405. Phone: (812) 856-1318. Fax: (812) 855-6705. E-mail: mwinkler
@bio.indiana.edu.

† J.A.L., W.-L.N., and K.M.K. contributed equally to this study.
‡ Supplemental material for this article may be found at http://jb

.asm.org/.
! Published ahead of print on 13 October 2006.
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Streptococus pneumoniae genomics
 S strain genome sequence comparison to that of 

R strain genome.



8-bp deletion in an intercistronic region between manL and
adh to two larger insertions in potential virulence factor genes:
a 30-bp in-frame insertion in pcpA and insertions of two tan-
dem 456-bp in-frame SSURE domain repeat units in spr0075
(Fig. 3). Deletion and insertion of adjacent repeat sequences
such as these likely arise by RecA-independent misalignment
mechanisms (reviewed in reference 67). This kind of mutation
has not been reported previously for S. pneumoniae and may
contribute to the regulation and genetic diversity in this and
other bacteria with relatively small genomes (67, 91). Second,
of four cases of small deletion or insertion mutations, only one
occurred in a homopolymeric run of bases (see Tables S1 and
S2 in the supplemental material). Spontaneous deletion and
insertion in runs of bases seem to play roles in phase variation
phenomena of bacterial pathogens (reviewed in reference 11)
and have been reported previously in other serotypes of S.
pneumoniae (91). However, they were not prevalent during the
derivation of strain R6 from the D39 progenitor strain.

Microarray analyses of transcript amounts in strain D39
(NCTC) compared to R6 were performed for bacteria growing
statically in BHI broth in an atmosphere of 5% CO2 (see
Materials and Methods). The D39 and R6 sequences differ
mainly by single base substitutions (Tables 1 and 2 and Table
S1 in the supplemental material). Therefore, we expected that
commercially available microarrays containing 50-mer oli-
gomers based on the R6 sequence would work well for studies

of D39 transcription patterns, including transcription of the
capsule biosynthesis (cps) genes, which comprise an operon
(50) and are partly included on the R6 microarrays. This pre-
diction is confirmed by the comparison in Fig. 4. Most tran-
script levels were comparable in the two strains grown under
these conditions (Fig. 4 and Table S6 in the supplemental
material). However, there are some notable differences. As
expected, deletion of part of the capsule (cps) region in R6 was
reflected in the microarray comparison (Fig. 4). Unexpectedly,
mutations in several intercistronic regions in R6 seemed to
affect the transcript amounts of adjacent gene clusters, sug-
gesting the cotranscription of genes from possible promoters
or regulatory sites in these intercistronic regions (Fig. 4). In
addition, the relative transcript amounts of eight competence
regulon genes increased in R6 compared to D39 (Fig. 4; see
also Table S6 in the supplemental material). However, none of
these genes contained mutations in R6 compared to D39, and
the mechanism of their induction remains unknown. The in-
creased expression of this set of genes could, in part, contribute
to the reported increase in transformability of R6 compared to
the D39 progenitor (Fig. 1).

Major sequence differences between two isolates of strain
D39. In contrast to strain R6, there are relatively few muta-
tional changes between D39 (NCTC) and D39 (Lilly) and the
deduced D39 progenitor strain (Tables 1 and 4). D39 (NCTC)
and D39 (Lilly) contain only five and eight mutational differ-

TABLE 3. Virulence and physiologically important genes with altered sequences in strain D39 compared to strain R6a

D39 locus tag Gene Function Source or referenceb

SPD!0063 strH !-N-Acetylhexosaminidase STM (43)
SPD!0065 bgaC !-Galactosidase 52
SPD!0080 SSURE fibronectin binding 21
SPD!0081 rr08 Response regulator 63, 111
SPD!0168 ribE Riboflavin synthesis 71
SPD!0315-SPD!0323 "cps Capsule biosynthesis 3, 69
SPD!0336 pbp1A Penicillin-binding protein transglycosylase/transpeptidase 49, 64, 90
SPD!0479 nusA Transcription termination/antitermination 18
SPD!0636 spxB Pyruvate oxidase STM/experimental (12, 65, 87, 91, 92, 106)
SPD!0660 ftsX ABC transporter/cell division 102
SPD!0665 pyrDA Dihydro-orotate dehydrogenase (pyrimidine biosynthesis) 5
SPD!0773 fruA Fructose PTS STM (43)
SPD!0854 flpA(pavA) Fibronectin binding STM/experimental (47, 64, 95)
SPD!0967 murA1 Homolog of MurA (first step in murein biosynthesis) 19, 70
SPD!1131 carB Carbamoylphosphate synthase, heavy subunit (pyrimidine

biosynthesis)
73

SPD!1337 atpA Proton-translocating ATPase, F1 # subunit 32
SPD!1346 Hypothetical STM (43)
SPD!1461 psaB Manganese transport Experimental (24, 27, 72, 75, 85)
SPD!1462 psaC Manganese transport Experimental (24, 27, 72, 75, 85)
SPD!1512 secA Preprotein translocase subunit 93
SPD!1671 amiA Oligopeptide transport 2, 57
SPD!1740 cinA Competence induced STM (43)
SPD!1758 rpoC RNA polymerase !$ subunit 116
SPD!1797 ccpA Catabolite control STM/experimental (37, 53)
SPD!1961 Hypothetical (putative transcription regulator) STM (43)
SPD!1965 pcpA Choline-binding protein STM/experimental (43, 101)
SPD!1974 Conserved hypothetical STM (43)
SPD!1987 Hypothetical (fucolectin-related protein) STM (43)
SPD!2005 dltA D-Ala ligase STM (43)
SPD!2012 glpO #-Glycerophosphate oxidase 98
SPD!2022 clpC Stress-related ATPase Experimental (22, 23, 51, 96, 97)
SPD!2028 cbpD Murein hydrolase STM/experimental (, 40, 43, 46, 56)

a Specific mutations are listed in Tables S1 and S3 in the supplemental material.
b Evidence for a role in virulence exists where indicated. STM, signature-tagged mutagenesis.

44 LANIE ET AL. J. BACTERIOL.
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Comparing the two genomes allows the 
identification of key genes associated with 

pathogenicity.



43. Lysates from frozen brain human tissue were prepared
as in (24). Radioactive RT-PCR was performed in a total
volume of 50 !l containing cDNA synthesized from
0.25 !g RNA, 20 mM Tris-HCl, pH 8.4, 50 mM KCl, 1.5
mM MgCl2, 0.2 mM dNTPs, 1.7 !Ci ["-32P]CTP, and 0.4
!M of the primers as follows: hBDNF5#, 5#-AGCCA-
GAATCGGAACCACGA-3#; hBDNF3#, 5#-GCACACCT-
GGGTAGGCCAAG-3#. PCR amplification was carried
out for 30 cycles. Each cycle consisted of the following
steps: 94°C for 30 s, 57°C for 30 s and 72°C for 30 s. The
same amount of each cDNA was also amplified, inde-
pendently, with SNAP-25 (synaptosomal associated
protein 25, a presynaptic membrane-associate protein
localized in grown cones, axons and presynaptic termi-
nals) specific primers. SNAP-25 5#, 5#-CAAATGATGC-
CCGAGAAAAT-3#; SNAP25 3#, 5#-GGAATCAGCCT-
TCTCCATGA-3#. PCR products were separated by non-
denaturing 8% polyacrylamide gel electrophoresis and
visualized by autoradiography. BDNF levels were quan-
tified and normalized relative to SNAP-25 levels.

44. V. O. Ona, et al. Nature 399, 263 (1999).
45. Total cellular lysates from conditionally immortalized

CNS cells (13, 27) were obtained in a buffer contain-
ing Tris 50 mM pH 7.4, 5 mM NaCl, Triton X100 1%,

1 mM DTT, 15 mM EGTA supplemented with 1:100
of Protease Inhibitor Cocktail (Sigma). Immunopre-
cipitates were obtained by incubating the total cel-
lular lysate (from 4 $ 106 cells) with Mab2166
(1:1000) following conventional immunoprecipita-
tion protocols and loaded. The blotted proteins were
exposed to antibody to Htt Mab2166 (dilution
1:5000; Chemicon, Temecula, CA). RNA was reverse-
transcribed into single-stranded cDNA using Super-
script II RNase H% Reverse Transcriptase (Life Tech-
nologies) as described by the manufacturer. PCR was
performed in a total volume of 50 !l containing 1 !g
cDNA, 20 mM Tris-HCl, pH 8.4, 50 mM KCl, 1.5 mM
MgCl2, 0.2 mM dNTPs, 5% dimethyl sulfoxide
(DMSO), 0.4 !M of Htt-specific primers (5#-CGAC-
CCTGGAAAAGCTGATGAA-3# and 5#-CACACG-
GTCTTTCTTGGTAGCTGA-3#), 2 U Taq polymerase
(Life Technologies). Amplification was carried out for
25 cycles. Each cycle consisted of the following steps:
94°C for 30 s, 56°C for 30 s, and 72°C for 60 s. PCR
products were separated by electrophoresis on 2%
agarose gel and visualized by staining with ethidium
bromide.

46. E. Cattaneo et al., Trends Neurosci. 24, 182 (2001).

47. A. C. Bachoud-Levi et al., Lancet 356, 1975 (2000).
48. The research described in this manuscript was en-
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The 2,160,837–base pair genome sequence of an isolate of Streptococcus
pneumoniae, a Gram-positive pathogen that causes pneumonia, bacteremia,
meningitis, and otitis media, contains 2236 predicted coding regions; of these,
1440 (64%) were assigned a biological role. Approximately 5% of the genome
is composed of insertion sequences that may contribute to genome rearrange-
ments through uptake of foreign DNA. Extracellular enzyme systems for the
metabolism of polysaccharides and hexosamines provide a substantial source
of carbon and nitrogen for S. pneumoniae and also damage host tissues and
facilitate colonization. A motif identified within the signal peptide of proteins
is potentially involved in targeting these proteins to the cell surface of low–
guanine/cytosine (GC) Gram-positive species. Several surface-exposed proteins
that may serve as potential vaccine candidates were identified. Comparative
genome hybridization with DNA arrays revealed strain differences in S. pneu-
moniae that could contribute to differences in virulence and antigenicity.

Streptococcus pneumoniae (pneumococcus) has
played a pivotal role in the fields of genetics and
microbiology. The pioneering studies of Avery,
MacLeod, and McCarty in 1944 (1) demonstrat-
ed that DNA is the true hereditary material by
transforming a noncapsulated, avirulent S. pneu-

moniae strain with DNA from a capsulated vir-
ulent strain. This work highlighted the impor-
tance of the bacterial polysaccharide capsule as
a key pathogenicity factor.

As a human pathogen, S. pneumoniae is the
most common bacterial cause of acute respira-

tory infection and otitis media and is estimated
to result in over 3 million deaths in children
every year worldwide from pneumonia, bacte-
remia, or meningitis (2). Even more deaths oc-
cur among elderly people, among whom S.
pneumoniae is the leading cause of community-
acquired pneumonia and meningitis (3). Since
1990, the number of penicillin-resistant strains
has increased from 1 to 5% to 25 to 80% of
isolates, and many strains are now resistant to
commonly prescribed antibiotics such as peni-
cillin, macrolides, and fluoroquinolones (4).

The complete genome sequence of a capsu-
lar serotype 4 isolate of S. pneumoniae [desig-
nated TIGR4 (5); TIGR indicates The Institute
for Genomic Research] was determined by the
random shotgun sequencing strategy (6) (Gen-
Bank accession number AE005672; see www.
tigr.org/tigr-scripts/CMR2/CMRHomePage.
spl). This clinical isolate was taken from the
blood of a 30-year-old male patient in
Kongsvinger, Norway, and is highly invasive
and virulent in a mouse model of infection (7).

The genome consists of a single circular
chromosome of 2,160,837 base pairs (bp) with a
G & C content of 39.7%. Base pair 1 of the
chromosome was assigned within the putative
origin of replication. Of the 2236 genes identi-
fied (8), 1155 are located on the right of the

1The Institute for Genomic Research (TIGR), 9712
Medical Center Drive, Rockville, MD 20850, USA.
2Johns Hopkins University, Charles and 34th Streets,
Baltimore, MD 21218, USA. 3George Washington Uni-
versity Medical Center, 2300 Eye Street, NW, Wash-
ington, DC 20037, USA. 4Johns Hopkins University,
3400 North Charles Street, Baltimore, MD 21218,
USA. 5Bristol-Myers Squibb PRI, 5 Research Parkway,
Wallingford, CT 06492, USA. 6University of Illinois at
Chicago, 900 South Ashland Avenue, Chicago, IL
60607, USA. 7University of Alabama at Birmingham,
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origin of replication, and 916 (79%) of these are
transcribed in the same direction as DNA repli-
cation; similarly, 1081 genes are on the left of
the origin of replication, and 857 (79%) of them

transcribed in the same direction [Fig. 1 and
Web fig. 1 (9)]. This type of gene orientation
bias appears to be a common feature of low-GC
Gram-positive organisms (10).

Although the S. pneumoniae genome was
reported to contain six ribosomal RNA (rRNA)
operons (11), the TIGR4 isolate contains only
four rRNA operons. Only 12 of the 58 tRNAs

Fig. 1. Circular representation of the S. pneumoniae TIGR4 genome
and comparative genome hybridizations using microarrays. Compar-
ative genome hybridizations are used to identify genomic differences
between the TIGR4 isolate and strains R6 and D39, using a preliminary
microarray. Results are displayed on the third and fourth circles.
Genes were classified in four groups: (i) gene not present on the array
and not analyzed (black) (394 genes, 17% of total); (ii) ortholog
present in the test strain (green); (iii) ortholog absent in the test
strain (red); and (iv) ambiguous result (blue). The Cy3/Cy5 ratio
(TIGR4 signal/test strain) cutoffs for each category were determined
subjectively as Cy3/Cy5 ! 1.0 to 3.0, green; 3.0 to 10.0, blue; and
"10.0, red. There were a number of loci for which hybridization ratios
fell between what is expected for gene presence or absence (Cy3/Cy5
ratios between 3.0 to 10.0). Ambiguous results (blue bars) can be
explained in at least two ways: (i) The gene may be highly diverged in
R6 and/or D39 relative to the TIGR4 isolate. (ii) Alternatively, the
gene may be absent in R6 and/or D39 but still be able to produce a
hybridization signal, because the TIGR4 isolate gene is a member of a

paralogous gene family or a repetitive element. The outer circle shows
predicted coding regions on the plus strand, color-coded by role categories:
salmon, amino acid biosynthesis; light blue, biosynthesis of cofactors and
prosthetic groups and carriers; light green, cell envelope; red, cellular pro-
cesses; brown, central intermediary metabolism; yellow, DNA metabolism;
green, energy metabolism; purple, fatty acid and phospholipid metabolism;
pink, protein fate/synthesis; orange, purines, pyrimidines, nucleosides, and
nucleotides; blue, regulatory functions; grey, transcription; teal, transport
and binding proteins; black, hypothetical and conserved hypothetical pro-
teins. The second circle shows predicted coding regions on the minus
strand, color-coded by role categories. The third circle shows strain R6
genes. The fourth circle shows strain D39 genes. The fifth circle shows an
atypical nucleotide composition curve; the nine gene clusters that are
absent in strains R6 and D39 are indicated by red bullets. The sixth circle
shows the GC-skew curve. The seventh circle shows IS elements. The
eighth circle shows RUP elements. The ninth circle shows BOX elements.
The tenth circle shows rRNAs in blue, tRNAs in green, and structural
RNAs in red.
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Red circles: 9 gene 
clusters differ between 
the two strains.

Streptococus pneumoniae genomics

Tettelin et al. (2001) Complete genome sequence of a virulent isolate of Streptococcus pneumoniae. 
Science. 20;293(5529):498-506.



Streptococus pneumoniae genomics

Who cares? 

Identifying key genes associated with 
pathogenicity allows the development of specific 

antibiotics and vaccines. 

Keeping these facts in mind, let’s go over 
Griffith’s transformation experiment.



Griffith’s Model organism

What phenotypes Griffith observed and 
designed his experiments based on? 

Colony appearance? 

strain virulence/pathogenicity?



Griffith’s phenotypes

Griffith used the effect of each strain on the 
survival of mice as a phenotype.



Griffith’s phenotypes

Griffith observed that heat-killed S strain sample 
loses its pathogenicity.

What happens when the S strain sample is 
heated?



Griffith’s transformation experiment

 Fredrick Griffith question: 

What happens when the heat-killed S strain is 
combined with the living R strain?



Griffith’s transformation experiment

Griffith observed that wen heat-killed S strain 
sample is combined with living R strain, the R 
strain transforms into a deadly S strains.



Griffith’s transformation experiment

S strain 
Smooth colonies 
(highly infectious) 

Streptococus pneumonia 

R strain 
Rough colonies 
(Not infectious) 

Mice die

Inject mice Inject mice
Heated/killed

Aliv
e

Mice die

So R living cells were transformed by 
interacting with molecules of dead S starin

Mice live



Griffith’s transformation experiment

What is unique in the 
design of Griffith’s 
transformation 
experiment?



Griffith’s transformation experiment
•  Griffith’s conclusion: R changes into S by 
acquiring a molecule. 

•  He called the molecule (transforming principle).



Griffith’s transformation experiment

How did the R strain become deadly S by the 
interaction with S strain soup? 

The molecule that makes S strain pathogenic 
entered the R strain and changed it.



Genetic exchange

Bacteria transmit genetic 
material vertically and 
horizontally. 

Vertical transmission 
involves passing genes to 
the next generation. 

Horizontal transmission is 
the exchange of genetic 
material within the same 
generation



Conjugation
• Exchange of genetic material between two bacteria 

(bacterial sexual cycle?). 

• Mostly transfer of plasmids. 

• What is a plasmid?



Transformation

• Bacteria acquires 
genetic material by 
recombination of 
similar genomic parts. 

• Very important 
technological 
advancement.



Transformation

What is the requirement for recombination to 
occur?



Transduction
• Bacteria acquires genetic material transferred 

(un-intentionally?) by bacteriophages.  

• Recombination?



Transduction

Does transduction require sequence 
similarity to occur?



Griffith’s transformation experiment

 Back to Griffith’s transforming principle 

Did Griffith prove which molecule is the 
transforming principle?



Avery’s transformation experiment

STUDIES ON T H E  CHEMICAL NATURE OF T H E  SUBSTANCE 
INDUCING TRANSFORMATION OF PNEUMOCOCCAL TYPES 

INDUCTION OF TRANS]~ORMATION BY A DESOXYRIBONUCLEIC ACID FRACTION 
ISOLATED I~RO~¢ PNEUMOCOCCUS TYPE III  

BY OSWALD T. AVERY, M.D., COLIN M. MACLEOD, M.D., AND 
MACLYN McCARTY,* M.D. 

(From the Hospital of The Rockefeller Institute for Medical Research) 
PLATE 1 

(Received for publication, November 1, 1943) 

Biologists have long attempted by chemical means to induce in higher 
organisms predictable and specific changes which thereafter could be trans- 
mitted in series as hereditary characters. Among microSrganisms the most 
striking example of inheritable and specific alterations in cell structure and 
function that can be experimentally induced and are reproducible under well 
defined and adequately controlled conditions is the transformation of specific 
types of Pneumococcus. This phenomenon was first described by Gri~th  (1) 
who succeeded in transforming an attenuated and non-encapsulated (R) 
variant derived from one specific type into fully encapsulated and virulent (S) 
cells of a heterologous specific type. A typical instance will suffice to illustrate 
the techniques originally used and serve to indicate the wide variety of trans- 
formations that are possible within the limits of this bacterial species. 

Gri~th found that mice injected subcutaneously with a small amount of a living 
1~ culture deri, ed from Pneumococcus Type H together with a large inoculum of 
heat-killed Type III (S) cells frequently succumbed to infection, and that the heart's 
blood of these animals yielded Type HI pneumococci in pure culture. The fact that 
the P~ strain was avirulent and incapable by itself of causing fatal bacteremia and the 
additional fact that the heated suspension of Type HI cells eoataincd no viable or- 
ganisms brought convincing evidence that the 1~ forms growing under these condi- 
tions had newly acquired the capsular structure and biological specificity of Type III 
pneumococci. 

The original observations of Griffith were later confirmed by Neufeld and Levin- 
thal (2), and by Banrherm (3) abroad, and by Dawson (4) in this laboratory. Subse- 
quently Dawson and Sia (5) succeeded in inducing transformation in ~tro. This 
they accomplished by growing R cells in a fluid medium containing anti-R serum and 
heat-killed encapsulated S cells. They showed that in the test tube as in the animal 
body transformation can be selectively induced, depending on the type specificity 
of the S cells used in the reaction system. Later, Alloway (6) was able to cause 

* Work done in part as Fellow in the Medical Sciences of the National Research 
Council. 

137 

Avery, O. T., MacLeod, C. M., & McCarty, M. (1944). STUDIES ON THE CHEMICAL NATURE OF THE SUBSTANCE 
INDUCING TRANSFORMATION OF PNEUMOCOCCAL TYPES : INDUCTION OF TRANSFORMATION BY A 
DESOXYRIBONUCLEIC ACID FRACTION ISOLATED FROM PNEUMOCOCCUS TYPE III. The Journal of Experimental 
Medicine, 79(2), 137–158.



Avery’s transformation experiment

 Avery is asking the question: 

Which component of the S cells is the 
transforming principle (genetic code)? 

The idea is to rerun Griffith experiment with some 
modifications.



Avery’s transformation experiment

Lysed cells (heat-killed S strain) contain: 

 Proteins 

 Polysaccharides 

 RNA 

 DNA

One of these 
molecules must be 
the genetic material



Avery’s transformation experiment

How can we destroy each of the 
molecules only one at a time? 

Proteins  

RNA 

DNA



Avery’s transformation experiment

Avery’s Experimental design: 

Treat S strain soup with different classes of 
enzymes and observe resulting transformation 

when soup is added to R strain



Avery’s transformation experiment

What phenotypes Avery’s observed and 
designed his experiments based on? 

Colony appearance? 

strain virulence/pathogenicity?



Avery’s transformation experiment

Avery’s controls!



Avery’s transformation experiment

The molecule when degraded R cells do not 
change to S is the transforming principle



Avery’s conclusion

156 TRANSFORMATION OF PNEUMOC~CAL TYPES 

same specific type as that of the heat-killed microorganisms from which the 
inducing material was recovered. 

2. Methods for the isolation and purification of the active transforming ma- 
terial are described. 

3. The data obtained by chemical, enzymatic, and serological analyses 
together with the results of preliminary studies by electrophoresis, ultracen- 
trifugation, and ultraviolet spectroscopy indicate that, within the limits of the 
methods, the active fraction contains no demonstrable protein, unbound lipid, 
or serologically reactive polysaccharide and consists principally, if not solely, of 
a highly polymerized, viscous form of desoxyribonucleic acid. 

4. Evidence is presented that the chemically induced alterations in cellular 
structure and function are predictable, type-specific, and transmissible in 
series. The various hypotheses that have been advanced concerning the 
nature of these changes are reviewed. 

CONCLUSION 

The evidence presented supports the belief that a nucleic acid of thedesoxy- 
ribose type is the fundamental unit of the transforming principle of Pneumo- 
coccus Type III .  
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Various hypotheses have been advanced in explanation of the nature of the 
changes induced. In his original description of the phenomenon Griffith (1) 
suggested that the dead bacteria in the inoculum might furnish some specific 
protein that serves as a "pabulum" and enables the R form to manufacture a 
capsular carbohydrate. 

More recently the phenomenon has been interpreted from a genetic point of 
view (26, 27). The inducing substance has been likened to a gene, and the 
capsular antigen which is produced in response to it has been regarded as a gene 
product. In discussing the phenomenon of transformation Dobzhansky (27) 
has stated that "If this transformation is described as a genetic mutation--and 
it is difficult to avoid so describing it--we are dealing with authentic cases of 
induction of specific mutations by specific treatments . . . .  " 

Another interpretation of the phenomenon has been suggested by Stanley 
(28) who has drawn the analogy between the activity of the transforming agent 
and that of a virus. On the other hand, Murphy (29) has compared the causa- 
tive agents of fowl tumors with the transforming principle of Pneumococcus. 
He has suggested that both these groups of agents be termed "transmissible 
mutagens" in order to differentiate them from the virus group. Whatever 
may prove to be the correct interpretation, these differences in viewpoint indi- 
cate the implications of the phenomenon of transformation in relation to similar 
problems in the fields of genetics, virology, and cancer research. 

I t  is, of course, possible that the biological activity of the substance described 
is not an inherent property of the nucleic acid but is due to minute amounts 
of some other substance adsorbed to it or so intimately associated with it as to 
escape detection. If, however, the biologically active substance isolated in 
highly purified form as the sodium salt of desoxyribonucleic acid actually proves 
to be the transforming principle, as the available evidence strongly suggests, 
then nucleic acids of this type must be regarded not merely as structurally 
important but as functionally active in determining the biochemical activities 
and specific characteristics of pneumococcal ceils. Assuming that the sodium 
desoxyribonucleate and the active principle are one and the same substance, 
then the transformation described represents a change that is chemically in- 
duced and specifically directed by a known chemical compound. If the results 
of the present study on the chemical nature of the transforming principle are 
confirmed, then nucleic acids must be regarded as possessing biological 
specificity the chemical basis of which is as yet undetermined. 

SUMMARY 

I. From Type I I I  pneumococci a biologically active fraction has been isolated 
in highly puTified form which in exceedingly minute amounts is capable under 
appropriate cultural conditions of inducing the transformation of unencapsu- 
lated R variants of Pneumococcus Type I I  into fully encapsulated cells of the 

Avery, O. T., MacLeod, C. M., & McCarty, M. (1944). STUDIES ON THE CHEMICAL NATURE OF THE SUBSTANCE 
INDUCING TRANSFORMATION OF PNEUMOCOCCAL TYPES : INDUCTION OF TRANSFORMATION BY A 
DESOXYRIBONUCLEIC ACID FRACTION ISOLATED FROM PNEUMOCOCCUS TYPE III. The Journal of Experimental 
Medicine, 79(2), 137–158.



Summary

Griffith’s phenotypes 

Avery’s phenotypes



Not enough

• He used enzymes to degrade a specific class 
of molecules at a time then study the 
transformed cells. 

• When DNA was degraded with DNase, no 
transformation occurred. 

• Thus, DNA is the transformation principle! 

• Clever right? 

• Not good enough and convincing for some 
scientists. Why? 

• Because the degrading enzymes were not 
pure!



We need an experiment to definitively 
prove that DNA is the genetic material 



Hershey and Chase experiment
I N D E P E N D E N T  FUNCTIONS OF VIRAL P R O T E I N  AND NUCLEIC 

ACID I N  GROWTH OF BACTERIOPHAGE* 

B~ A. D. HERSHEY AND MARTHA CHASE 
(From the Department of Genetics, Carnegie Institution of Washington, Cold Spring 

Harbor, Long Island) 

(Received for publication, April 9, 1952) 

The work of Doermaml (1948), Doermann and Dissosway (1949), and 
Anderson and Doermann (1952) has shown that bacteriophages T2, T3, and 
T4 multiply in the bacterial cell in a non-infective form. The same is true of 
the phage carried by certain lysogenic bacteria (Lwoff and Gutmann, 1950). 
Little else is known about the vegetative phase of these viruses. The experi- 
ments reported in this paper show that  one of the first steps in the growth of 
T2 is the release from its protein coat of the nucleic acid of the virus particle, 
after which the bulk of the sulfur-containing protein has no further function. 

Materials and Methods.--Phage T2 means in this paper the variety called T2H 
(Hershey, 1945); T2h means one of the host range mutants of T2; UV-phage means 
phage irradiated with ultraviolet light from a germicidal lamp (General Electric 
Co.) to a fractional survival of 10 -5. 

Sensitive bacteria means a strain (H) of Escherichia coli sensitive to T2 and its 
h mutant; resistant bacteria B/2 means a strain resistant to T2 but sensitive to its 
h mutant; resistant bacteria B/2h means a strain resistant to both. These bacteria 
do not adsorb the phages to which they are resistant. 

"Salt-poor' broth contains per liter 10 gin. bacto-peptone, 1 gm. glucose, and 1 
gin. NaC1. "Broth" contains, in addition, 3 gin. bacto-beef extract and 4 gm. NaCl. 

Glycerol-lactate medium contains per liter 70 m~ sodium lactate, 4 gin. glycerol, 
5 gin. NaC1, 2 gin. KCI, 1 gin. NI-I_aCI, 1 mm MgC12, 0.1 m~t CaC12, 0.01 gm. gelatin, 
10 rag. P (as orthophosphate), and 10 mg. S (as MgSO4), at pH 7.0. 

Adsorption medium contains per liter 4 gin. NaC1, 5 gm. K~SO4, 1.5 gin. KH~PO,, 
3.0 gm. Na~-IP0,, 1 mE MgSO,, 0.1 m_~ CaC12, and 0.01 gm. gelatin, at pH 7,0. 

Veronal buffer contains per liter 1 gm. sodium diethylbarbiturate, 3 mE MgS04, 
and 1 gin. gelatin, at pH 8.0. 

The HCN referred to in this paper consists of molar sodium cyanide solution 
neutralized when needed with phosphoric acid. 

* This investigation was supported in part by a research grant from the National 
Microbiological Institute of the National Institutes of Health, Public Health Service. 
Radioactive isotopes were supplied by the Oak Ridge National Laboratory on alloca- 
tion from the Isotopes DivisiOn, United States Atomic Energy Commission. 
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• Need more evidence that DNA is the genetic 
code. 

• Hershey and Chase used a bacterial parasite 
(virus) to study the genetic code. 

• Question: Which molecule (DNA or protein is the 
genetic code)?

Hershey and Chase experiment



• Bacteriophage (phage): 

• Protein body. 

• DNA inside. 

• Use the knowledge about the 
life cycle to study the genetic 
code. 

• What is phage’s life cycle?

Hershey and Chase model organism



Phage life cycle



 Hershey and Chase needed phenotypes 

What atom is uniquely found in proteins? 

What atom is uniquely found in DNA? 

Can we make a phenotype or a character to 
observe and detect?

Hershey and Chase experiment



Hershey and Chase experiment

• Labeled proteins with radioactive S35.



Hershey and Chase experiment
• Labeled DNA with radioactive P32.



Hershey and Chase experiment

How can we label a molecule with 
radioactive isotope?



Hershey and Chase experiment

Now we have something to track! 

Track where the radioactive material go! 

• The molecule that would enter the cell is the 
hereditary molecule. 

• Study where the molecule go (in pellet or in 
supernatant)?



Hershey and Chase experiment 1
• Labeled proteins with radioactive S35. 

• Labeled proteins do not enter the bacteria 
cells. 

• Proteins are not the genetic material.



Hershey and Chase experiment
• Labeled DNA with radioactive P32. 

• Labeled DNA enters the bacteria cells. 

• DNA is the genetic material.



Hershey and Chase experiment

Any controls?



Hershey and Chase experiment
Track where the radioactive material go!



Hershey and Chase conclusion

$6 VIRAL PROTEIN AND NUCLEIC ACID Ilq BACTERIOPHAGE GROWTH 

protective coat that is responsible for the adsorption to bacteria, and functions 
as an instrument for the injection of the phage DNA into the cell. This pro- 
tein probably has no function in the growth of intracelIular phage. The DNA 
has some function. Further chemical inferences should not be drawn from the 
experiments presented. 
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the phage DNA in a form not precipitable by antiserum and not adsorbable 
to bacteria. The sulfur-containing protein of the phage particle evidently 
makes up a membrane that protects the phage DNA from DNase, comprises 
the sole or principal antigenic material, and is responsible for attachment of 
the virus to bacteria. 

2. Adsorption of T2 to heat-killed bacteria, and heating or alternate freezing 
and thawing of infected cells, sensitize the DNA of the adsorbed phage to 
DNase. These treatments have little or no sensitizing effect on unadsorbed 
phage. Neither heating nor freezing and thawing releases the phage DNA 
from infected cells, although other cell constituents can be extracted by these 
methods. These facts suggest that the phage DNA forms part of an organized 
intracellular structure throughout the period of phage growth. 

3. Adsorption of phage T2 to bacterial debris causes part of the phage 
DNA to appear in solution, leaving the phage sulfur attached to the debris. 
Another part of the phage DNA, corresponding roughly to the remaining half 
of the DNA of the inactivated phage, remains attached to the debris but can 
be separated from it by DNase. Phage T4 behaves similarly, although the 
two phages can be shown to attach to different combining sites. The inactiva- 
tion of phage by bacterial debris is evidently accompanied by the rupture of 
the viral membrane. 

4. Suspensions of infected cells agitated in a Waring blendor release 75 per 
cent of the phage sulfur and only 15 per cent of the phage phosphorus to the 
solution as a result of the applied shearing force. The cells remain capable of 
yielding phage progeny. 

5. The facts stated show that most of the phage sulfur remains at the cell 
surface and n~ost of the phage DNA enters the cell on infection. Whether 
sulfur-free material other than DNA enters the cell has not been determined. 
The properties of the sulfur-containing residue identify it as essentially un- 
changed membranes of the phage particles. All types of evidence show that 
the passage of phage DNA into the cell occurs in non-nutrient medium under 
conditions in which other known steps in viral growth do not occur. 

6. The phage progeny yielded by bacteria infected with phage labeled 
with radioactive sulfur contain less than 1 per cent of the parental radioactiv- 
ity. The progeny of phage particles labeled with radioactive phosphorus con- 
tain 30 per cent or more of the parental phosphorus. 

7. Phage inactivated by dilute formaldehyde is capable of adsorbing to 
bacteria, but does not release its DNA to the cell. This shows that the inter- 
action between phage and bacterium resulting in release of the phage DNA 
from its protective membrane depends on labile components of the phage 
particle. By contrast, the components of the bacterium essential to this inter- 
action are remarkably stable. The nature of the interaction is otherwise un- 
known. 

8. The sulfur-containing protein of resting phage particles is confined to a 



Expectations

• Know the experiments that led to the 
conclusion that DNA is the genetic material. 

• Understand the experimental design and 
the controls of each experiment. 

• Understand the genetic exchange 
between bacteria and phage life cycle.



For a smile


