
A Physical Map of the Escherichia coli 
1~12 Genome 

A physical map of a genome is the structure of its DNA. 
Construction of such a map is a first step in the complete 
characterization of that DNA. The restriction endonucle- 
ase Not I cuts the genome of Eschevichia coli K12 into 22 
DNA fragments ranging from 20 kilobases (20,000 base 
pairs) to 1000 kilobases. These can be separated by pulsed 
field gel electrophoresis. The order of the fragments in 
the genome was determined from available E.  coli genetic 
information and analysis of partial digest patterns. The 
resulting ordered set of fragments is a macrorestriction 
map. This map facilitates genetic and molecular studies 
on E.  coli, and its construction serves as a model for 
further endeavors on larger genomes. 

R ECENT DEVELOPMENTS IN THE PREPARATION AND SEPA- 

ration of large DNA fragtnents have made it possible to 
devise relatively simple schemes to map the DNA structure 

of entire genomes ( I ) .  The new techniques include preparation of 
unbroken genomic DNA by embedding cells in agarose, fragmenta- 
tion of genomic DNA into specific large pieces by in situ digestion 
in agarose, with restriction endonucleases that recognize vey  rare 
cutting sites, high resolutiorl size separation of the resultitlg DNA 
fragments by pulsed field gel electrophoresis (PFG), and develop- 
ment of accurate size standards for large DNA fragments (2-6). A 
natural target for the application of these methods is the single 
circular chrotnosomal DNA of Escl~cr ich ia  coli since this organism 
has been the prototype for so many genetic and molecular biological 
studies. Using these methods, we have determined a macrorestric- 
tion map of the entire genome ofE, coli. We have also demonstrated 
hot\, this map ti~ill be useful for subsequent genetic and molecular 
biological studies. The methods developed are generally useful ever1 
for those orgatlistns for which little or no genetics or molecular 
biology is now known. 

Cleavage of E. c o l i  D N A  into large pieces. The size of the E. coli 
genome has been estimated by various methods at 3.0 to 4.7 
megabase pairs (Mb) (7, 8 ) .  Intact E. coli chromosomal DNA does 
not migrate in agarose gels under the conditions used, presumably 
because of its circular topology; linear tnolecules in this size range, 
however, are readily amenable to PFG separation (9). The optimal 
size range for PFG fractionation of DNA lies benveen 50 kb and 
1500 kb (6). Our goal was to find a way to cut the E. coli genome 
into pieces in this size range and then determine the order of these 
pieces. The smaller the number of fragments generated, the easier 
the task would be. 

We isolated intact E. coli chromosomal DNA (3, 6) and screened a 
number of different restriction enzymes to see which would cut the 

DNA into a convenient number of large fragments (Fig. 1). As 
expected, enzymes with six base recognition sites produced frag- 
ments that were almost all stnaller than 50 kb. In splte of the few 
exceptions, like Xho I, which vielded a number of DNA pieces in the 
50- to 200-kb size range, the general cot~cluslot~ ti7as that these 
enzymes cut the genome too frecluently to be usehl for initial PFG 
analysis. However, the nvo restriction enzymes available with eight 
base recognition sequences, Not I and Sfi I, produced a range of 
DNA fragments from 15 kb to more than ,500 kb. 

The size of these fragments was determined by PFG analysis at 
various pulse times that were chosen to expand portions of the 
molecular size range for optimal resolution. Under appropriate 
conditions, most fragments could be isolated as individual electro- " 
phoretic bands showing the expected monotonic increase in ethidi- 
um bromide staining intensitv with molecular size. 111 selected cases, 
quantitative densitoketry was used to cotlfirm occasiotlal bands that 
were multiplets. In other cases, cotnparisotl of different E. coli strains 
allowed the degeneracy of bands with multiple fragments to be 
resolved. The sizes of the Not I and Sfi I fragments for the E. coli 
K12 ( A + ,  F + )  wild-type strain, EMG2 (E. coli Genetic Stock Center 
Number CGSC 4401) are given in Table 1. The tnolecular size of 
the E. coli genome cat1 be determined unmbiguously by adding the 
sizes of all the fragments. The agreement between the genome size 
separately determined from Not I and Sfi I digests is excelletlt and 
establishes 4.7 Mb as the best measurement to date of the true size 
of the E. coli K12 ( A + ,  F +) genome. When the size of lambda phage 
and F+ plasmid are subtracted, the size of the utlperturbed E. coli 
circular chromosome would be 0.15 1Mb smaller. 

After some initial studies, three strains were chosen for further 
characterization of the Not I restriction fragments. Strain EMG2 " 
(10) was selected as the reference strain for restriction mapping. It is 
a well-characterized E. coli 1C12 wild-type strain, containing lambda 
prophage and carrying an F+  plasmid. Strain MC1009 (11) was 
chosen because a number of its Not I bands are particularly well 
resolved. It is mostlv K12 but has some E. coli B DNA, is missing 
F+ plasmid, and lambda phage, has a 30-kb deletion including dl; 
l a c Z  operon, and another stnall deletion in the a m - l e u  region. The 
third strain used was W3110 (12). It is a K12 strain closely related 
to EMG2, missing F+ plasmid and lambda phage, and frequently 
used as a laboraton wild type but, in fact, c&l-ying an itlversiotl of 
about a quarter of the E, coli chromosome between v n D  and ~-r;-lE. 
The Not I digest of these three strains is compared in Fig. 2. While 
most fragments are the same, a tlumber of major differences are 
apparent, and some of these differences have assisted us in construct- 
ing and confirming the Not I restriction map of EMG2. 

The authors are in the Departnlent of Genetics and 1)evelopment at the College of 
Pl~ysicians and Surgeons, Columbia University, New York. NY 10032. 

1448 SCIENCE, VOL. 236 



Fig. 1. PFG separation of restriction fragments of the E. coli genome. Lanes 
1 and 13 are some of the smaller yeast chromosomes; lanes 2 and 12 are 
linear concatemers of lambda c1857 DNA starting from the 48.5-kb 
monomer. Lanes 3 through 11 are, respectively, total digests of the genome 
of E. wli strain EMG2 with Mlu I, Sal I, Not I, Sfi I, Hind 111, Xho I, 
Eco RI, Sac 11, and Rsr 11. The assignment of the Not I bands shown in 
Table 1 is indicated. A 1 percent agarose gel (20 cm) was used in a 55 x 55 
an square PFG experimental apparatus (LKB Produkter, AB). Running 
conditions were 500 V for 72 hours with a 25-second pulse time at 15°C. 
The gel was stained with ethidiurn bromide and photographed with 
ultraviolet tight in the conventional manner. The preparation of unbroken E. 
coli DNA and its fragmentation in agarose by specific restriction nucleases 
have been described (3, 6). 

Constructing a macrorestriction map. Sfi I cuts the genome of 
EMG2 into 28 pieces, and Not I cuts this strain into 22 fragments. 
The smaller number and better PFG resolution of the Not I 
fragments led us to concentrate all of our initial efforts on these 
fragments. They have been named A through V (Table 1). One 
fragment, Q, is the F+ plasmid, linearized by cleavage at its single 
Not I site. Four different techniques were used to assign the 
approximate genome location of the remaining 21 Not I fragments 
and to place them in order. These were (i) Southern blotting with 
cloned DNA fragments, (ii) shifts in fragments coupled to known 
genetic rearrangements such as bacteriophage lambda insertions, 
(iii) blotting with specialized linking probes that were selected to 
prove the contiguity of two fragments, and (iv) partial Not I 
digestion. 

Most of the information needed to complete the physical map of 
E. wli came from Southern blotting. A detailed genetic map already 
is available for most regions of the E. wli genome (8), and extensive 
regions of the genome have been cloned and characterized. A large 
number of cloned DNA probes for genes with reliably known 
position on the E. wli genetic map were chosen (Table 2). Each 
cloned probe was labeled with 32P and hybridized to a Southern blot 
of a PFG fractionated Not I digest of E. wli. In most cases all three 
strains listed above were analyzed on a single blot (Fig. 3). For 
example, three successive hybridizations with different probes, 
without stripping the previous probes, resulted in the autoradio- 
gram in Fig. 3. Each probe detects a single and different band; thus 
this one blot assigns the approximate location of more than 800 kb 
of DNA on the E. wli genome. 

We also took advantage of the availability of numerous well- 
characterized rearrangements of the E. wli genome. For example, we 

Fig. 2. PFG separation of Not I digests of three different E. coli strains. Lanes 
1 and 9 show the smallest chromosomal DNA's of S m h m y y u s  &k, 
lanes 2,4,6, and 8 are concatemers of lambda c1857 DNA. The E. wli strains 
are shown in lanes 3 (EMGZ), 5 (MC1009), and 7 (W3110). The 
electrophoresis was conducted on a Pulsaphore apparatus (LKB Produkter, 
AB) with a 25-second pulse time at 330 V for 40 hours at 15°C. 

examined a series of lambda lysogens including lambda inserted at 
the normal attachment site on the chromosome, at 17  minutes (13), 
and other lysogens in which lambda is inserted elsewhere. Bacteri- 
ophage lambda has no Not I sites. Thus, each lambda lysogen will 
increase the size of the Not I band containing the lambda by 50 kb, 
or by multiples of 50 kb, if the lysogen actually contains multiple 
tandem integrations (14). The shifted band can be identified 
unambiguously as containing lambda phage by hybridizing a blot of 
a PFG gel with lambda DNA (Fig. 4). The assignment of the 
integration site can be proved by hybridization with putative nearby 
probes. An analogous approach can be used to map the chromo- 
somal locations of integrated F+ plasmids and Tn5 transposons, 
each of which, fortuitously, contains Not I sites (15). 

Other E. wli strains are available with well-characterized chromo- 
somal deletions or inversions. For example, the lucZ deletion in 
strain MC1009 allows Not I bands B and C to be distinguished. The 
two bands are the same in strains EMG2 and MC1009. However, 

Table 1. Sizes of the Not I and Sfi I fragments seen in a total di est of E. coli 
EMG2. These sizes were determined by comparing the mobi8ty of DNA 
bands with that of DNA size standards composed of tandemly annealed 
lambda DNA otigomers subjected to electrophoresis in adjacent lanes. See, 
for example, Figs. 2 and 5. The DNA sizes are accurate to about + 5  kb above 
300 kb and 2 2  kb below 300 kb. The apparent sizes of DNA bands run at 
different pulse times are generally very consistent. 

Not I Sfi I Not I Sfi I 
size size size size 
(kb) (kb) (kb) (kb) 
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Fig. 3. Southern blot of a PFG- kb 
separated Not I digest of three E. 
wli strains, run under the same con- , 
ditions as Fig. 2. The blot was 

' 

h bridized, in succession with three Y ' P labeled probes, pNU8 1 (ampc), 
pGS27@%4), and pDJKl(unc4, 
which detect, respectively, Not I 253 
bands B, E, and L. The three lanes, 
from left to right, are E. wli strains 203 
EMG2, W3110, and MC1009. 
The bands visible in the autoradio- 
graphs are assigned to DNA frag- 
ments by superposition on a life-sized photograph of the original ethidium 
bromide-stained gel. The curvature of gel lanes and bands generally makes 
this superposition accurate and unambiguous. 

Fig. 4. Analysis of E. wli lambdoid phage lysogens by Not I restriction 
digestion. (A) Plan of the experiment. (B) The PFG fractionation was 
performed as described in the legend to Fig. 2. The arrow in each lane shows 
the position of the Not I band hybridizing to lambda DNA, while the dot 
shows the inferred position of the normal band in the nonlysogenic parent 
strain. This inference is based on the PFG pattern of the isogenic strain 
where available, or on the known size of lambda and the known position of 
the insertion. Not all the lysogens are isogenic. Most of the prophage 
insertions had been mapped by conventional genetics to lane A, cys operon 
(53 minutes); lane D, hir operon (44 minutes); lane E,pyr-mutation (about 
40 minutes); lane F, madB locus (91 minutes) (21,22). The physical mapping 
is consistent with the genetic mapping. Although the strains in lanes A, D, 
and E were considered isogenic, there are obvious differences between them 
apart from the phage insertions. This may reflect the fact that the strains were 
revived from 10-year-old stab cultures, but, whatever the reason, the results 
underscore the need to use truly isogenic strains in physical mapping, 
especially if the results obtained by direct ethidium bromide staining are to 
be considered reliable and detinitive. Lane B is E. wli strain DM49, 
lysogenized with AplexA3 (23). The results reveal that this phage has 

band C is 30 kb smaller in strain MC1009. Similarly, the small 
deletion in the ara-leu region in strain MC1009 region results in 
faster mobility of band D. 

An extremely useful E. culi genome rearrangement is the inversion 
between two ribosomal RNA cistrons in strain W3110. This 
disrupts the largest Not I fragment seen in most other strains, and 
the result is a striking alteration in the PFG pattern seen at 100- 
second pulse times (Fig. 5A). The inversion results in the shortening 
of Not I fragment A by almost 200 kb to produce fragment A', 
while fragment H increases in size to become H', the second largest 
fragment in strain W3110. Southern blotting with appropriate 
probes allows the rearrangement to be characterized fully. The result 

Table 2. Probes used in the assignment of Not I fragments of the E. wli ge 

D m  

lambda ma mer 

integrated at the normal lambda attachment site rather than at the lewl 
operon. Lane C is E. wli AB1157 lysogenized with +80+ phage (24). 

(Fig. 5B) is fully consistent with the genetic assignment that the 
inversion took place between m t E  and m t D .  

Finishing the physical map of E. wli. The methods described 
above allowed us to locate and order all but five of the Not I 
fragments of E. mli, F, 0, T, U, and V. The remaining fragments 
were placed on the map in two other ways, which also allowed us to 
confirm a number of regions of the map where initially there was no 
direct proof that two fragments were adjacent rather than separated 
by a small, unmapped fragment. 

Clones that contain uncommon restriction enzyme cutting sites 
are called linking clones. Such clones are useful for constructing 
restriction maps (1, 3, 5, 6). When a linking clone containing a 

Min Gene Clone Ref. Min Gene Clone Ref. Min Gene Clone Ref. 

thr 
Ipz 
ara 
leu 
lacz 
8lfi 
81fl 
8dK 
A 
rprA 
0mPF 
umuCJI 
hp 
top 
trkE 

(260-3 lo)* 
(33 1-360)* 
EtmA 
xth 
mv 
uvrc 
hirG 
araFG 
aAaC 

zi 
hirS 
8M 
PheA 
9-1 
tw 

+Refers to locations in kilobases on Bouche's (69) 470-kb physical map of the E. cdi terminus region. 

1450 SCIENCE, VOL. 236 



particular rare site is used t o  probe a blot of  a PFG-separated digest 
generated with the same enzyme, the probe will overlap nvo 
adjacent large DNA fragments. Thus it will hybridize t o  both of 
them and demonstrate that these nvo fragments must be adjacent in 
the genome. This approach provides information o n  the physical 
map regardless of  preexisting genetic information. A screening of  
Genbank revealed nvo sequenced E. coli genes, Ips (16) andflap ( 1 3 ,  
which contain Not  I sites. A DNA clone containing the Ips gene was 
available as a linking probe. One linking probe, between fragments 
L and S, was obtained (18) by screening an E. colt genomic library 
for clones containing Not  I sites. 

The last method used for mapping the E. cob genome was the 
analysis of  partial Not  I digests, by hybridization with cloned 
probes. The upper end of  the separation range o f  PFG lies consider- 
ably above the size of  most Not  I fragments o f  the E. coli genome. 
Furthermore, the dependence o f  mobility o n  molecular size is 
almost linear in PFG, compared with the logarithmic dependence in 
conventional gel electrophoresis. These factors make the analysis of  
partial digests by PFG convenient. Schemes for optimizing the 
application of partial digests have been described (1, 5). We have 
used variants of  these schemes t o  place a few Not  I fragments that 

Fig. 5. Analysis of an inversion of about one-quarter of the E. coli genome. 
(A) PFG separations of Not I digests of three E. wli strains. Lanes 1,2, and 3 
are, respectively, strains EMG2, W3110, and MC1009, shown separated by 
lambda DNA size standards. The two outer lanes are Sacchamyces cwniiae 
chromosomal DNA's. EMG2 and MC1009 have the normal genome 
arrangement, whereas W3110 has an inversion between rmD and rmE. 
Note the change in size of band A caused by the inversion and the 
appearance of a new large band exceeded in size only by band A. The PFG 
separation was performed as described in the legend to Fig. 2, except that a 
100-second pulse time was used. (B) Schemat~c map of this region of the 
genome of E. coli with and without the inversion. Fragments A and H in 
strain EMG2 become A' and H' in strain W3110. 

could not be ordered any other way. One example of  an informative 
partial digest is shown in Fig. 6. 

Partial digests were effective in locating the smallest Not  I 
fragments. Most of  these were not revealed directly by hybridization 
with cloned probes o r  known genome rearrangements. This is 
understandable since the small size of  the fragments makes them 
unlikely targets for either of  these approaches. What proved espe- 
cially useful was eluting the small D N A  fragments from PFG 
fractionations selected t o  optimize separations in the 10- t o  100-kb 
size range. The eluted bands were isotopically labeled and used as 
probes t o  analyze Not  I partial digests. Thus, each small band 
potentially reveals the identity of  its neighbors. The eluted small 
bands could also be used as probes t o  analvze total Sfi I digests. The 
known map position of  many of  the Sfi I fragments would then 
reveal the location of  the small Not  I band. 

Fig. 6. An example of the use of partial digestion to map neighboring Not I 
fragments. A blot of a partial Not I digest of EMG2 chromosomal DNA was 
probed with the his S gene (pSE411), previously assigned to fragment E 
(250 kb). The stringency of the digest increases progressively from left to 
right. The pattern of hybridization shows a 270-kb band, and bands 
progressively larger by 190 kB, 243 kb, 48 kb, and 146 kb. The interpreta- 
tion of the digestion pattern is shown at the bottom of the figure where the 
bands seen in the partial digest are shown above the horizontal line, and the 
bands expected from other experiments are shown below it. Because a very 
large fragment, A, is the right-hand neighbor of fragment E, all partial digest 
bands seen smaller than A must lie to the left of fragment E. We interpret the 
270-kb band as a mixture offragment E and this fragment joined to fragment 
V (20 kb). Other experiments reveal that these two fragments are adjacent, 
and the mixture of 250 and 270 kb DNA's is difficult to resolve at this pulse 
time. The progressively larger bands are interpreted to contain, respectively, 
fragments M, F, U, and N. This interpretation is confirmed by additional 
partial digest analysis and other available information on the particular 
fragments involved. 
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The methods described above revealed the location of all 22 Not I 
fragments visible in ethidium bromide-stained PFG separations. 
There remained the possibility that additional tiny Not I fragments 
might exist that were too small to be detected, since the sensitivity of 
ethidium bromide staining is proportio~lal to size. Two approaches 
were used to examine this possibility. The simplest was overloading 
gels with ten times as much DNA to enhance direct ethidium 
bromide visualization of any small fragment. This yielded inconsis- 
tent results. To achieve even greater sensitivity, and bypass any 
possible artifacts due to high DNA concentrations, we end-labeled 
total Not I digests of E. coli DNA with 3 2 ~  prior to PFG analysis. 
This revealed no unexpected small DNA bands. However, neither of 

P -  I00 

K - 205 
omp F 

J - 210 

R - 95 

I - 230 
pES9 

pBSl2 
fum A G - 245 

uvr C 
hisG 

oroF.G 
a d a C  

omp C 

dsdA 

h i s s  
OIY A 

phe A 
srl 

thy A 
a r o E  

1-1 
B - 360 

t h r  

F +  1-0 Q -  I00 

these approaches would have revealed Not I fragments so small that 
they would have eluted from the agarose gel in our sample 
preparation and handling procedures. The possibility that such 
bands exist will have to be tested by other methods such as cloning 
the bands directly into an appropriate vector. 

Comparison of the genetic and physical maps. A summary of 
the physical map of the E. coli genome is presented (Figs. 7 and 8) 
along with a simplified version of the existing genetic map (8 ) .  The 
data in Figs. 7 and 8 confirm the assignment of almost all of the 
individual Not I fragments. With the benefit of hindsight, we can 
say that the task of determining the E. coli physical map could have 
been simplified by relying much more extensively on the partial 
digestion results. The only region of the map that still requires 
additional conclusi\~e evidence is that comprising S and T. Analysis 
of this region is complicated because the nvo fragments are similar 
in size and a specific probe is available for only one of these, 
arbitrarily assigned as fragment S. 

The agreement between the physical map and the genetic map is 
excellent. There is no case where the order of nvo genes or 
fragments is inexplicably inconsistent between the m7o maps. Sever- 
al probes of the more than 50 examined did not give consistent 
results. In nvo cases, additional PFG bands besides the one expected 
were seen. These probably arise either from cross-hybridizatio or 
from the cornlnon artifact of cloning nvo unrelated fragments. In 
one case, the band hybridized by a probe made no sense whatsoever, 
and we assume the identity of the plasmid was incorrect since 
consistent results were obtained from several other cloned probes in 
the same genetic neighborhood. None of these data are included in 
the map since the cause of the discrepancy was not fully determined. 

Along with consistency in fragment and gene order, our results 
show consistency in relative distances, as is indicated in Fig. 8 where 
the physical map is drawn with a linear scale and the genetic map is 
distorted to conform to the physical map. At the present resolution, 
the distortion required to superimpose the nvo maps is relatively 
little. On average there will be 46 kb of DNA per minute of the 
genetic map. The actual values for particular Not I fragments range 
from 61 kb per minute to 38 kb per minute. Thus the distances 
determined physically are co~lsistent with relative distances mea- 
sured by genetic techniques such as recombination and cotransduc- 
tion. Hot spots for genetic rearrangement in E. coli are apparently 
spread uniformly enough throughout the genome so that the 
genetic map is closely proportional to actual length along the 
chromosomal DNA. Regions of the genome sparse in genetic 
markers do not seem to be sites with unusual properties. They most 
likely just contain genes for which no phenotype has yet been 
detected. It will be interesting to see whether these co~lclusions are 
maintained once higher resolution physical map data are available. 

The existing E. coli map is still at relatively low resolution. 
However, it immediately allows the rough chromosomal position of 
any cloned DNA piece to be determined by Southern blotting. Thus 
the rough map position of any DNA sequence can be determined 
without the need for any known or measurable phenoqpe. The 

Fig. 7. Some of the e~idence used to  construct the physical map of the E. coli 
genome. Shown are 22 Not I fragments dra~vn to  scale and positioned 
according to  their order in the genome. Also shown is an abbre~iated version 
of the genetic map. Cloned probes used to  determine the correspondence 
between the genetic and physical maps are indicated by the name of the gene, 
and linlung probes are shown as bold, solid circles. The scale of the genetic 
map is in minutes while thc scale of the physical map is in kilobases. The sizes 
of the Not I bands are indicated. Differences in these scales are evident as 
nonparallel lines from mapped gene positions to  the physical map. Only in 
the case of two of the linking probes is the exact correspondence betureen the 
maps known. In all other cases the relatiye position of a probe within each 
restriction fragment was estimated by linear interpolation of the genetic map. 
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Fig. 8. The physical map of E. coli strain EMG2, drawn to scale, with an F t 
plasmid (100 kb) and pBR322 (4.5 kb) shown to indicate relative sizes. The 
genetic map coordinates are superimposed on the physical map, with genetic 
distances distorted as needed to make the two maps coincident. Also shown 
(arrows) is a summary of some of the partial Not I digestion data used to 
complete and confirm the physical map. Each dot represents a probe, and 
each arrowhead indicates the size of bands seen in partial digests. 

existing map also allows the entire genome to be scanned for any 
significant rearrangements such as insertions, deletions, or inver- 
sions. Thus, it will be of great use in a variety of studies on the 
dynamics of the E. coli genome as well as evolutionary and ecological 
studies involving E. coli and closely related organisms. It should be 
relatively simple to move from the existing map to a higher 
resolution one. By partial mapping methods, analogous to the 
Smith-Birnstiel procedure (1, 3, 19, 20), the location of a wide 
variety of other restriction enzyme sites can be placed on the existing 
map with relatively little effort. 

The restriction map ofE. coli is the first that has been obtained for 
any free-standing organism. The methods should be applicable to 
any other organism where extensive genetic map data exist. Howev- 
er, such detailed genetic information is not available for most 
organisms. Thus, one of the major reasons for determining a 
physical map is that it can then be used as a substitute for a genetic 
map. However, a simple extension of our methods can be applied to 
the study of any organism, even if no genetic information is 
available. Our results indicate the utility of linking clones in proving 
the contiguity of two DNA fragments. General procedures are 
available for isolating such clones, and a complete set of linking 
clones could make possible the determination of an entire physical 
map with no other additional information. By combining the 
linking and partial mapping strategies, it should be possible to 
construct complete maps even when one has only a small number of 
clones. These procedures open the way to the determination of the 
entire map of any organism. Pilot studies show that they are readily 
applicable to other bacteria, to yeast, to drosophila, and even to 
humans. 
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