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Isolation and Mapping of Small Cauliflower Mosaic Virus
DNA Fragments Active as Promoters in Escherichia coli

T. D. McKNIGHT AND R. B. MEAGHER*

Department ofMicrobiology and Department ofMolecular and Population Genetics, University of Georgia,
Athens, Georgia 30602

Small EcoRI* fragments of cauliflower mosiac virus DNA (strain CM4-184),
which act as promoters for the tetracycline resistance gene on the promoter probe
plasmid pBRH4 in Escherichia coli, have been isolated and mapped on the viral
genome. Two regions of the viral genome contain DNA sequences with promoter
activity in E. coli. Two independent cloned fragments from one region direct a
high level of tetracycline resistance (up to 38 ,ug of tetracycline per ml). Two
independent fragments from the second region of the viral genome also direct
tetracycline resistance, but at lower levels. The activity of the two fragments with
the strongest promoter activity in E. coli may direct transcription of the viral
genome in a clockwise direction. This is consistent with the direction of transcrip-
tion predicted from sequence analysis of the viral DNA (Franck et al., Cell 21:
285-294, 1980). One of these fragments maps at the start of a large open
translational reading frame which is predicted to contain the coding sequence for
the viral coat protein. Each promoter-active fragment is located in the 5'-terminal
portion of one of the six open reading frames predicted from the DNA sequence.

Bacterial promoters have been used to control
the expression of a number of foreign genes
molecularly cloned in Escherichia coli: for ex-
ample, the synthetic genes for somatostatin (21),
for insulin (16), for complementary DNA for
human leukocytic interferon (34), for human
growth honnone (H. L. Heyneker, personal com-
munication), and for native DNA for hepatitis B
virus antigens (9). The advantages of promoter
manipulation to genetic engineering technology
and its potential application to plant molecular
cloning systems have been briefly reviewed (30,
31). Our research is directed at the isolation and
characterization of highly active plant promoter
sequences which can be used to control foreign
DNA cloned in plant cells.
A plant DNA virus should be a good source of

strong plant promoters. Cauliflower mosaic virus
(CaMV) DNA, strain CaMV(B), has a molecular
weight of 4.9 x 10' (32). If the translation of
CaMV occurs in only one frame, it can code for
260,000 daltons of protein. When fragments of
the virus are cloned in plasmid vehicles, three
polypeptides with molecular weights of 42,000
(42K), 40K, and 37K are expressed in E. coli at
high levels (33). Expression of these polypep-
tides was independent of the insertion orienta-
tion of the fragments. In other words, the infor-
mation for the initiation and termination of
these polypeptides is contained entirely within
the viral DNA fragments. Therefore, there must
be sequences in the virus which function as

transcriptional promoters in E. coli. It is not
known whether similar initiation sites are used
to synthesize viral polypeptides in plant cells.
Furthermore, the relationship of procaryotic
promoters to sequences which function as pro-
moters in eucaryotes is unknown.
The structure and function of E. coli ribo-

somal and structural gene promoters have been
studied in detail (37, 39, 42, 50). The majority of
information about procaryotic promoter struc-
ture comes from studying the DNA sequences
bound and protected from nuclease digestion by
E. coli holo-RNA polymerase. This work has
been aided by the fact that E. coli holo-RNA
polymerase binds true promoterDNA sequences
several orders of magnitude more strongly than
transcribed regions. In recent studies on the
tetracycline resistance promoter of pBR322,
Rodriguez et al. (39) have been able to separate
the binding and initiation functions of a pro-
moter. It is clear from this work that the "Prib-
now box" sequence is sufficient for the binding
of E. coli RNA polymerase but will not direct
the initiation of transcription. A second se-
quence found in most bacterial promoters,
roughly 25 base pairs from the Pribnow box and
upstream relative to the direction of transcrip-
tion, is required for initiation (39).
Very little is known about the structure of

eucaryotic promoters. This is in part due to the
small differences between the binding of eucar-
yotic RNA polymerase to specific, correct pro-
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moter sequences and the binding to nonspecific
DNA sequences. Without strong binding, a ma-
jor advantage in procaryotic studies, these eu-
caryotic promoter sequences have proved diffi-
cult to identify and isolate. The specific se-
quences protected by eucaryotic RNA polym-
erase have not been identified.
Most of the data concerning the location and

structure of eucaryotic RNA polymerase pro-
moters is the result of locating the 5' termini of
in vivo eucaryotic transcripts on the purified
DNA substrates (for example, see references 4,
5, and 12). When the sequences of these eucar-
yotic promoter regions are compared with the
consensus sequence for procaryotic promoters
(41), striking similarities are commonly seen.
The majority of eucaryotic transcription units
contain a short guanine-cytosine-rich sequence,
followed by a substantial adenine-thymine-rich
sequence which resembles TATAAATA. These
sequences are usually found 30 base pairs up-
stream from the initiation of transcription (3,
41). This eucaryotic sequence resembles the
Pribnow box found in procaryotic promoters,
which is of the form 5'-TATAATG. The procar-
yotic sequence is usually found 10 base pairs
upstream from the start of transcription (40,41).
A few exceptions to the common eucaryotic

structure have been reported (3). These excep-
tions may represent a second eucaryotic pro-
moter structure. A eucaryotic sequence compa-
rable to the procaryotic -35 initiation sequence
has not been identified.

Indirect evidence from molecular cloning ex-
periments suggests that some eucaryotic se-
quences may be functional as promoters in pro-
caryotic cells. For example, several lower eucar-
yotic DNA sequences direct the synthesis of
functional polypeptide products when cloned in
E. coli (1, 2, 10, 33, 38, 47). Furthermore, it has
been shown that the information for the initia-
tion of transcription and translation of most of
these polypeptides in E. coli comes entirely from
within the cloned eucaryotic fragment. The re-
verse is also true; a procaryotic DNA fragment
has been found which synthesizes a functionally
correct polypeptide in yeasts (11).

In vitro eucaryotic RNA polymerase II and
procaryotic RNA polymerase bind related se-
quences on polyoma virus DNA (26, 27). How-
ever, as was pointed out above, binding is in no
way sufficient for initiation. These authors did
show that two of the five binding sites identified
also could direct the initiation of transcription
in vitro for eucaryotic and procaryotic polym-
erases. In a recent study by Hale et al. (18), it
was shown that E. coli holo-RNA polymerase
binds supercoiled simian virus 40 DNA up-
stream from the AUG translational start codon

for all but one of several simian virus 40 struc-
tural genes. With one exception, the polymerase
binding sites occur before open reading frames
with potential initiation codons. These studies
are further evidence that part of the procaryotic
promoter structure which interacts with RNA
polymerase may also be found in the 5' regions
of eucaryotic structural genes.

In summary, it is suggested from (i) the com-
parisons of eucaryotic and procaryotic se-
quences, (ii) the expression of some cloned eu-
caryotic DNAs in E. coli, and (iii) the binding of
polymerase and initiation of transcription for
two mammalian viruses that homology of struc-
ture and function may exist between procaryotic
promoters and the 5' regions of eucaryotic genes.
Therefore, it should be possible to use some E.
coli promoter assays in the examination of eu-
caryotic promoter sequences.
To speed the isolation of DNA fragments

which are active as promoters in E. coli (i.e.,
sequences which both bind RNA polymerase
and direct initiation of transcription), promoter
probe plasmids have been constructed (35, 39,
49). These plasmids are tetracycline-sensitive
derivatives of pBR322. The sequence of the pro-
moter required for the initiation of transcription
ofa tetracycline resistance gene has been deleted
and replaced by a synthetic EcoRI site. Tetra-
cycline resistance can be regained when a frag-
ment containing promoter activity is inserted in
the correct polarity into this site. These vehicles
have been used to demonstrate that eucaryotic
DNA fragments can have some promoter activ-
ity in E. coli (35).
A physical map of the DNA from the wild-

type CaMV(B) strain has been published (32).
A more complete physical map of CaMV(CM4-
184) has been determined (unpublished data).
This strain is deficient in aphid transmission and
therefore can be manipulated in recombinant
plasmids in E. coli at the P1-EK1 level. It con-
tains a small deletion relative to CaMV(B) and
has a molecular weight of 4.8 x 106. In this
manuscript, we describe the isolation, character-
ization, and mapping of small promoter-active
DNA fragments isolated from CaMV(CM4-184)
DNA.

MATERIALS AND METHODS
Chemicals and media. Cultures were grown on

Luria agar plates or in Luria broth (23). Polycillin N
(Bristol Laboratories, Syracuse, N.Y.) was used at 20
jig/ml in Luria plates to select for ampicillin resistance.
Tetracycline hydrochloride (Sigma Chemical Co., St.
Louis, Mo.) was added to Luria agar at concentrations
from 5 to 50 jg/ml to select for tetracycline resistance.
All other chemicals were standard reagent grade.
CaMV(CM4-184) is derived from wild-type

CaMV(B) strain (29), is deficient in aphid transmission
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properties, and contains a small deletion and several
altered restriction cleavage sites relative to wild type
(20; unpublished data).
Plasmids and strains. Plasmid pIM4 consists of

the entire genome of CaMV(CM4-184) joined to
pBR322 (7) through the single SalI site. This plasmid
was the source of all viral DNA used in this work. The
SalI linear form of the cloned viral DNA was prepared
in milligram quantities by digesting pIM4 with Sall,
separating the viral DNA from the vehicle by prepar-
tive agarose electrophoresis, and banding in cesium
chloride-propidium iodide gradients (9a, 32).
The vehicle pBRH4 is a tetracycline-sensitive de-

rivative of pBR322 which has had the promoter for
the tetracycline resistance gene deleted and replaced
by a synthetic EcoRI linker. This vehicle was con-
structed and supplied by H. L. Heyneker (Fig. 1). A
description of this plasmid was published by West et
al. (49).

E. coli SK1592 is a phage Tl-resistant derivative of
SK1590 and was used for the initial transformations
because of its high transformation frequency and long-
term stability on drug plates (24). Plasmids showing
tetracycline resistance in SK1592 were transformed
into E. coli strain HB101 (8), where the tetracycline
resistance levels were determined, and large amounts
of amplified DNA can be produced (32).
Enzymes and buffers. T4 DNA ligase was a gift

from H. L. Heyneker. SalI was prepared as described
by Greene et al. (17). EcoRI was a gift from Patricia
J. Greene. EcoRI to be used for EcoRI* digests was
dialyzed overnight against 10 mM Tris-hydrochloride
(pH 8.0)-50 mM NaCl-0.1 mM EDTA-50% glycerol
(36). This dialysis raised the pH of the original storage
buffer from 7.5 and lowered the NaCl concentration
from 200 mM. Other restriction endonucleases were

-50 40
_l--- I*

-30 -20 -10

prepared within the Genetics Department at the Uni-
versity of Georgia.

Restriction enzyme digests were carried out in the
buffers used by Bolivar et al. (6) and Greene et al. (17).
Ligations were done in the buffer recommended by
Dugaiczyk et al. (13). EcoRI* digests were performed,
using 3 to 5 U of dialyzed enzyme per ug of plasmid
DNA in 30 pl of 20 mM Tris-hydrochloride (pH 8.8)-
2 mM MgCl2. After 16 h at 37°C, the reactions were
about 95% complete.

Electrophoresis. Agarose and polyacrylamide gels
were run in the Tris-borate system of Greene et al.
(17). The ratio of acrylamide to bisacrylamide was 30:
1. HindIII digests of phage X DNA gave a series of
useful molecular weight standards ranging from 15.8
x 10c to 1.31 x 106. AluI digests of pBR322 gave a
series of molecular weight standards with a useful
range from 0.61 x 10c to 0.042 x 106 (44).

Construction and selection of promoter-active
plasmids. A total of 5 jig of pBRH4 was cleaved with
EcoRI and ligated to 2 jig of EcoRI* fragments from
the cloned Sall linear viral DNA. The ligation was
carried out in 70 1 of ligase buffer (13) with 0.5 U of
T4 ligase at 12°C overnight. After the ligated DNA
was precipitated with 3 volumes of ethanol, it was
transformed into E. coli SK1592 by the CaCl2-RbCl
method (24). Transformants were selected by plating
onto Luria agar plates containing 5 ,ig of tetracycline
per ml 1 h after the transformation. All of the resultant
colonies were then patched onto plates with 5, 10, 15,
or 20 jug of tetracycline per ml to further select for
tetracycline-resistant recombinants. Recombinants re-
sistant to 10 itg of tetracycline per ml or higher con-
centrations of the drug were analyzed further.
Determination of the levels of tetracycline re-

sistance. Overnight cultures of HB101 containing re-
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FIG. 1. Sequence, in vitro construction, and proposed molecular functions of the promoter cloning vehicle
pBRH4. A small EcoRI-HindIII endonuclease fragment containing the tetracycline resistance gene promoter
was removed from pBR322 as shown. In place of this deletion there now exists a synthetic EcoRI site in

pBRH4, the promoter cloning plasmid. This plasmid was supplied by H. L. Heyeneker.
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combinant plasmids were inoculated into 25 ml of
Luria broth. When cultures reached 100 Klett units
(Klett-Summerson colorimeter, no. 54 green filter),
they were diluted 106-fold in 10 mM potassium phos-
phate buffer (pH 7.2). From the final dilution, 0.4 ml
was spread onto Luria agar plates containing 0, 5, 10,
15, 20, 30, and 50 ,ug of tetracycline per ml, respectively.
Colonies arising on the plates were counted at 24 and
48 h after plating. Results at 48 h were determined to
be more reproducible than those at 24 h. Therefore,
all numbers reported are those determined at 48 h.
Each plating was prepared in duplicate. The two sets
of plates usually yielded counts within 10% of each
other. Platings which gave greater errors were dis-
carded and repeated. In determining the efficiency of
plating on various concentrations of tetracycline, the
number of colonies on the control plates lacking drugs
was taken as 100% efficiency of plating (EOP,oo). The
level of tetracycline resistance ofvarious recombinants
is reported as the concentration of tetracycline which
allowed 50% of the number of colonies contained on
the control to develop (EOP50) (45, 46).

Hybridization mapping of promoter-active
fragments. The Sall linear form of the cloned viral
genome was digested with various restriction enzymes
and electrophoresed on 1.5% agarose gels. Transfers of
these gels to nitrocellulose filter paper (Schleicher &
Schuell Co., Keene, N.H.; BA85) were performed as
described by Southern (43). These filters were then
probed with promoter-active plasmids labeled with 32P
by nick translation (29). Autoradiograms were made,
using Du Pont Cronex 2DC film with exposure times
of 2 to 4 h. The smallest region of the genome which
could account for hybridization to all of the restriction
fragments showing up on the autoradiogram was the
position assigned to the promoter-active fragment.

RESULTS
When the EcoRI* fragments of CaMV(CM4-

184) DNA were ligated into the EcoRI site of
pBRH4 and transformed into E. coli, strains
with a wide range of tetracycline resistance
levels were found. Tetracycline resistance levels

100ZZ,

0on

of 74 transformants which could grow on Luria
agar with 5 jig of tetracycline per ml were mea-
sured semiquantitatively by streaking them onto
a series of plates with tetracycline concentra-
tions ranging from 5 to 20 jig/ml.
Twenty recombinants showing good growth

on 10 jig of tetracycline per ml were investigated
further in E. coli strain HB101. More accurate
determinations of their tetracycline resistance
levels were made by determining the EOP50 on
a wider range oftetracycline concentrations. The
EOP50 for these plasmids fell into four groups,
with values clustered around 13, 16, 24, and 38
jig of tetracycline per ml. In Fig. 2, a graph of
the plating efficiencies of representative plas-
mids from these groups is shown, along with the
pBRH4 vehicle and its parent plasmid pBR322.
To determine the size and number of viral

EcoRI* fragments responsible for the newly ac-
quired tetracycline resistance levels, the plas-
mids were purified and digested with EcoRI*.
For several plasmids resistant to the highest
levels of tetracycline (EOP50 > 30, pMM128; Fig.
2), there were no viral bands visible on 1.8%
agarose gels. To examine these recombinants for
the exact sizes of their inserted DNA fragments
and not to miss very small fragments, two other
methods were used.

Hincd cleaves on either side of the EcoRI
insertion site in pBRH4 and gives rise to frag-
ments with molecular weights of 2.17 x 106 and
0.73 x 106. The smaller fragment contains the
EcoRI site. Alterations in molecular weight of
this band were used to measure the size of
inserted DNA (Table 1). For example, by this
technique the promoter plasmids with the high-
est activity which show no new bands (Fig. 2)
were shown to have the same size insert, about
280 base pairs. When the recombinant plasmids
are digested with EcoRI* and separated by elec-

Tetracycline ug/ml
FIG. 2. Determination of the EOP of strains containing a tetracycline resistance gene controlled by CaMV

DNA fragments. The number of colonies on Luria control plates represents EOP,oo. The number of colonies
on the various concentrations of tetracycline are given relative to this number from Luria plates. Symbols
represent strains containing the different CaMV inserts controlling tetracycline resistance as follows: O,
pBRH4, tetracycline-sensitiveplasmid vehicle; A,pBR322, tetracycline-resistant control andparent ofpBRH4.
Symbols for plasmids containing the CaMV(CM4-184) inserts: 0, pMM12; +, pMM40; 0, pMM116; ,
pMM140; A, pMM128.
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TABLE 1. Summary ofpromoter-active plasmids
containing CaMVDNA

No. of in-
CaMV genome Size of depend-

Plasmid EOP,O' position of in- insert ettisolanserted pro- (base tive
moter (kb) pairsb active

mentc

pBRH4 2 - -
pMM40 11 4.45-4.70 120 3
pMM12 13 4.70-5.25 370 4
pMM116 17 3.52-3.83 610 1
pMM140 23 3.15-3.52 420 1
pMM128 38 3.52-3.83 280 7
pBR322 43 - -

a EOP values are expressed as micrograms of tet-
racycline per milliliter.

b These sizes are calculated from the mobilities of
the 322-HaeIII and 322-Alu fragments on the 7.5%
acrylamide gel in Fig. 3.

'For example, the fragment contained in pMM128
was found in six other independently isolated tetra-
cycline-resistant transformants.

trophoresis on 7.5% polyacrylamide gels, the ex-
tra DNA inserts can be detected (Fig. 3). The
most active fragment contained in pMM128,
which usually ran as a doublet on agarose, mi-
grated just above the lowest EcoRI* band of the
vehicle at approximately 280 base pairs (Fig. 3,
track h). This recombinant and other most
highly resistant plasmids contained a 280-base-
pair insert, and all contained one of the two viral
BamHI sites, confirming that the inserted frag-
ments are identical in all isolates. In all seven
isolates of this fragment, the viral BamHI site is
the same distance from the BamHI site in the
tetracycline gene (data not shown), indicating
that only one orientation of the inserted frag-
ment is found.

Also present on this promoter-active fragment
is a bona fide EcoRI site at one end. The distance
between this site and the BamHI site of the
insert is 0.165 x 106 daltons, the distance be-
tween a BamHI site and an EcoRI site on the
native viral DNA reported by Meagher et al.
(32) for the CaMV(B) strain and by Volovitch
et al. (48) for the PV147 strain. For the CM4-
184 strain we have also demonstrated that these
sites are in the same position, suggesting that
the viral end of the EcoRI site in pMM128 is
half of a genuine viral EcoRI site and not an
artifact of cloning the EcoRI* fragments. There-
fore, these restriction sites on pMM128 allow
accurate positioning of the promoter fragment
on the viral genome. The EcoRI site defines one
end, and digestion of the plasmid with EcoRI*
followed by BamHI shows that the promoter
fragment ends less than 20 base pairs counter-

clockwise from the BamHI site (Fig. 4). The
positions of the EcoRI site, the viral BamHI
site, and the BamHI site of the vehicle give the
relation between the orientation of the fragment
in the plasmid and its orientation on the viral
genome. Since the distance between BamHI
sites is greater than the distance between the
EcoRI site and the BamHI site of the vehicle in
the tetracycline gene, transcription on the frag-
ment in E. coli occurs in the direction shown by
the arrow in Fig. 4 relative to a map of the viral
genome.
The other promoter-active fragments were

mapped on the viral genome by Southern hy-
bridizations. The Sail linear form of the viral
DNA purified from recombinant plasmids was
digested with various restriction enzymes. These
fragments were separated by agarose gel electro-
phoresis and transferred to nitrocellulose. The
filters were probed with nick-translated, pro-
moter-active plasmids. Control nick-translated
pBRH4 does not hybridize to any fragments of
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FIG. 3. Electrophoretic separation of the EcoRI
endonuclease fragments of the five promoter-active
clones on 7.5% acrylamide. The following samples
were digested with EcoRI* endonuclease and run in
the lettered tracks: (b) purified SalGI linear form of
CM4-184 strain ofCaMV; (c) pBRH4; (d) pMM12; (e)
pMM40; (f) pMM140; (g) pMM116; (h) pMM128.
Track (a) contains molecular weight standards,
pBR322 plasmid digested with AluI. The HaeIII di-
gest ofpBR322 also was a standard in this gel (data
not shown). Molecular sizes of the pertinent DNA
fragments are indicated on the sides of the figure in
base pairs. The fluorescent bands have been photo-
graphed, using ayellow filter, after transillumination
with short-wave UV light.

VOL. 37, 1981

I

1%.F %O



678 McKNIGHT AND MEAGHER

in pMM128 can be used to determine the posi-
tions and orientations of these three fragments.
Plasmid pMM116 contains two head-to-head
copies of this fragment plus a small 50-base-pair
fragment between them. pMM116 is resistant to

p"ME8SM0M&..hI

FIG. 4. Location of promoter-active fragments in
the CaMV(CM4-184) genome. Fragments contained
in pMM128 and pMM140 allow the highest level of
tetracycline resistance, whereas those inpMM12 and
pMM40 allow only moderate tetracycline resistance.
The positions of the promoter fragments are shown
relative to the following endonuclease cleavage sites:
EcoRI (RI); HincII (cII); Si nuclease (Si); ClaI;
HindIII (dII); BstI or BamHI (BI); PstI; SalGI;
PvuII; BstEII; and HpaI. The direction of transcrip-
tion from the fragments in pMM128 andpMM140 is
indicated by the arrow. The direction oftranscription
was not determined for pMM40 and pMM12. The
EcoRI site at the top of this map was defined as the
origin (32).

viral DNA. Figure 5 shows an autoradiogram,
indicating the restriction fragments with homol-
ogy to the insert in pMM12.
By analyzing the overlapping restriction frag-

ments homologous to the promoter plasmids
and the adjacent fragments which do not hy-
bridize, the general location of the promoter
fragments can be determined. Such a position
on the CaMV map also allowed other restriction
enzymes to be chosen, which could be used to
further pin down the promoter-active fragment
locations. These techniques were used to assign
the locations of the promoter fragments shown
in Fig. 4. The sizes of the promoter regions,
determined by hybridizations and restriction en-
zyme analysis, are not much larger than the
promoter fragments themselves (Fig. 3; Table
1).
The promoter-active plasmids pMM116 and

pMM140 hybridize to the same region of the
genome as pMM128. EcoRI* digestion of
pMM116 shows that it contains two copies of
the promoter fragment found in pMM128 and a
third smaller viral fragment of 50 base pairs (Fig.
3, track g). The positions of the BamHI sites on
this plasmid and the lack of the EcoRI site found
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FIG. 5. Southern hybridization of CaMV DNA
fragments to nick-translated promoter-active plas-
midpMM12. (B) Native 1.09%o agarose gel stained with
ethidium bromide; (A) autoradiograph of the South-
ern hybridization ofthis gel. Gel tracks contain diges-
tions of the SalI linear form of CM4-184 with the
following restriction endonucleases from left to right:
BamHI, BglI, BglII, ClaI, standards, HincII, BstEII,
PstI, EcoRI + BstEII. The central track contains the
following combined molecular weight standards: the
linear form of pBR322, 2.9 x 106; the HincII frag-
ments ofpBR322, 2.17 x 106 and 0.74 x 106; and the
AluI fragments ofpBR322, 0.60 x 106, two at 0.44 x
106, 0.35 x 106, and 0.27 x 106. Promoter plasmid
pMM12 was nick translated with [32P]ATP to a
specific activity of 2 x 107 cpm/ug, and 2 x 106 cpm
was used to hybridize with the filter.
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less than half the amount of tetracycline (Fig. 2)
as pMM128. Presumably, initiation in pMM116
occurs on the 280-base-pair fragment in the same
orientation as in pMM128, but transcription
must proceed through an extra 330 base pairs of
DNA.
pMM140 also hybridizes to the same general

region of the genome as pMM116 and pMM128
(Fig. 4), but contains two EcoRI* fragments of
330 and 100 base pairs not found in any other
promoter-active plasmid (Fig. 3, track f). An
EcoRI* fragment corresponding to the one in
pMM128 is not found in pMM140. There is a
BamHI site present in the largest of these frag-
ments. However, the viral BamHI site in
pMM128 and pMM116 is on an EcoRI* frag-
ment with a different size. The extra BamHI
site in pMM140 must be the other viral BamHI
site. The distance between the BamHI site on
pBRH4 and the BamHI site in the cloned viral
DNA is approximately 20 base pairs greater then
the distance from the HindIII site to the BamHI
site of the vehicle (data not shown). These data
indicate that the transcription from the largest
viral EcoRI* fragment in pMM140 is clockwise
(Fig. 4).
pMM40 contains a 120-base-pair EcoRI* frag-

ment (Fig. 3, track e) and has an EOP50 of 12,g
of tetracycline per ml (Fig. 2). The position
assigned to it by Southern hybridization as
shown in Fig. 4 is confirmed by the presence of
both a PstI site and a HindIII site on the in-
serted fragment (data not shown). The pMM40
promoter fragment was found in two other plas-
mids, pMM39 and pMM139. pMM39 is identical
to pMM40. pMM139 contains three other viral
EcoRI* fragments in addition to the one in
pMM40 and pMM39. pMM139 was not charac-
terized further.

Figure 4 shows the position of the weak pro-
moter-active fragment in pMM12 determined
from Southem hybridization. This 370-base-pair
EcoRI* fragment was found in EcoRI* digests
of four independent isolates. HincH cleavage
patterns of three other weak promoter plasmids
were identical, suggesting that they may also
have this promoter fragment.
Table 1 summarizes the size, location, and

EOP50 of the promoter-active fragments cloned
from CaMV. The promoter-active fragments
may be divided into two classes: high-level pro-
moter activity fragments which map between
3.15 and 3.85 kilobases (kb) and low-level activ-
ity fragments which map between 4.50 and 5.25
kb.

DISCUSSION
Small DNA fragments from CaMV which

function as promoters for the tetracycline resist-

ance gene of pBRH4 were identified. Based on
the sizes of the fragment inserts, their EOP at
various tetracycline concentrations, and their
location on the CaMV genome, the clones were
placed into two categories.
The two clones resistant to the lowest level of

tetracycline, pMM40 and pMM12, contained dif-
ferent EcoRI* inserts (from approximately 4.45
to 4.80 and 4.8 to 5.3 kb on the CaMV map,
respectively). These two inserts lie adjacent to
each other in the genome. In the Southem blot
hybridization used to map these fragments,
pMM40 showed a low level of homology, with a
short segment of the viral genome at roughly 2.8
kb. We have not been able to show that this is
due to the presence ofany contaminating second
fragment in this recombinant. It may represent
true homology between two segments of viral
genome.

Clones with the highest levels of tetracycline
resistance map between 3.1 and 3.8 kb. Recom-
binants pMM116 and pMM128 share a common
EcoRI* fragment of 280 base pairs which maps
at 3.52 to 3.83 kb. The plasmid most active in
promoter activity, pMM128, contains this frag-
ment alone, whereas the other clone contains
additional DNA fragments. Another highly ac-
tive fragment is contained in pMM140 and maps
adjacent to but not overlapping the fragment in
pMM128.
When a wild-type CaMV(B) DNA EcoRI

fragment which maps from 0 to 3.9 kb was cloned
in E. coli minicells, it directed the synthesis of
a 37K polypeptide at high levels (see above and
reference 33). It is clear from the data presented
that promoter activity for the polypeptide
expression observed in minicells came from
within this DNA fragment. In the CM4-184
strain used in this study, there is an extra EcoRI
site within this fragment and a small 200-base-
pair deletion at about 3.1 kb relative to the wild-
type DNA used in minicells. The most active
promoter fragment is contained in this general
region; however, its direction of transcription is
opposite to what would be required for synthesis
of any reasonably sized protein from the EcoRI
fragment in minicells. The fragment of high-
level activity contained in pMM140 could not
serve as the promoter for the 37K polypeptide
observed in minicells because its orientation is
incorrect (Fig. 4).
The 1.9 x 106-dalton E. coli fragment running

from 3.85 to 6.8 kb is contained in both wild-
type CaMV(B) and CM4-184 strains of the virus.
When the fragment from the wild-type strain
was cloned in E. coli minicells, it directed the
synthesis of high levels of 40K and 42K proteins.
It was shown that the information for initiation
of transcription and translation of these proteins
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came entirely from within the cloned DNA frag-
ment (33). The fragments in pMM12 and
pMM40 could contain the promoter(s) for
expression of these polypeptides.
The levels of tetracycline resistance conferred

by the recombinant plasmids were taken as an
indication of the relative activities of the pro-
moters in E. coli. Resistance levels could be
changed by other means. For example, if an
inserted promoter caused transcription to begin
upstream from its usual starting site, the new
mRNA may have altered stability and allow
more or less translation from the same amount
of message.
The most active fragment contained in

pMM128 was obtained more often than any
other. Of the 16 independent clones, 7 contained
this fragment (Table 1). The fragments in
pMM140, pMM40, and pMM12, although less
active, are contained in the genome in the same
stoichiometry as the fragment in pMM128. How-
ever, these three less active fragments were ob-
tained less frequently. All of these recombinant
plasmids direct tetracycline resistance at greater
than 10 ,ug/ml. The initial screening was per-
formed at 5,tg/ml. These data suggest that there
is a selection against the less active fragments
during the initial molecular cloning and drug
selection.

It is also likely that some true viral promoters
were not functional in E. coli. They might have
an altered structure at which E. coli polymerase
cannot bind and initiate, or these sequences
might require a positive acting viral or plant
gene product for expression.
The validity of the technique for isolating the

true CaMV viral promoters awaits confirmation
by other techniques, such as mapping of the
viral transcripts on the physical restriction map.
Initial northern blot mapping data demonstrates
that the fragment contained in pMM128 has a
sequence in common with polyadenylated viral
specific transcripts (Hagen, Condit, and
Meagher, unpublished data).
The direction of transcription determined in

E. coli for the fragments contained in pMM128
and pMM140 is consistent with the direction of
transcription of the native CaMV genome, as
suggested by the data of Hull et al. (19). No
fragments with promoter activity in E. coli were
obtained which contained either of the single-
strand gap regions of the viral genome, as might
be expected from the data of Hull et al. (19).

After this manuscript was completed, the nu-
cleotide sequence of the CaMV cabbage B-S
genome was published (14). Six extensive open
translational reading frames were found in one
strand of the virus. These data suggest that if
splicing of transcripts occurs, it is very limited.

The promoter-active fragment in pMM128 can
be located in this viral sequence, and it extends
from nucleotide 2143 to nucleotide 2417. This
fragment contains sequences upstream and in-
cluding the start of translational reading frame
IV, which is free of termination codons for 1,500
base pairs in a clockwise direction. Franck et al.
(14) suggest that this reading frame codes for
the viral coat protein on the basis of codon
frequency in the DNA and the amino acid con-
tent of the viral coat protein.

Hybridization mapping and restriction en-
zyme analysis of the largest viral EcoRI* frag-
ment in pMM140 indicates that it contains the
region just before the start of open translational
reading frame III. This reading frame begins at
nucleotide 1812 and extends clockwise to nucleo-
tide 2219 (14).
Apparent differences between the restriction

maps of the CM4-184 and cabbage B-S strains
ofCaMV (25) make it difficult to locate precisely
the promoter-active fragments of pMM40 and
pMM12 in the DNA sequences. The HindIII
site at nucleotide 3251 corresponds to the
HindIlI site contained in pMM40, but we could
not determine the boundaries of this promoter-
active fragment in the sequence. The HindIII
site on the CM4-184 genome found in pMM12 is
not present on the cabbage B-S DNA (14). The
promoter-active fragment in pMM12 maps ad-
jacent to the pMM40 fragment (Fig. 5). There-
fore, both of these fragments are located at or
just before the start of the longest open trans-
lational reading frame on the cabbage B-S ge-
nome. Designated region V, this sequence ex-
tends from nucleotide 3591 to nucleotide 5672
(14).
Sequence analysis ofthe promoter-active frag-

ments described and a comparison with the se-
quence of the whole viral genome will be very
helpful in analyzing and interpreting transcrip-
tion of the viral genome. A true CaMV promoter
fragment should be most useful in constructing
genes to be functionally expressed in plant cells.
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