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SUMMARY

Restriction enzyme fingerprinting was applied to 72 transferable trimethoprim
resistance plasmids to examine aspects of their epidemiology and molecular re-
latedness.

These plasmids had previously been divided into 25 groups according to dif-
ferences in mol. wts and in antimicrobial resistance determinants. Restriction
enzyme fingerprinting allowed the plasmids to be further divided into 44 different
groups. The groups based on molecular weight and resistance patterns often, but
not invariably, corresponded with those based on restriction enzyme fingerprints.
Some plasmids with the same mol. wt and resistance pattern had different digest
fingerprints and conversely, although more rarely, plasmids which differed in
molecular weight by as much as 10 MDa or in resistance pattern by one resistance
marker, had indistinguishable fingerprints.

The plasmids were initially divided into three broad categories according to
which restriction enzymes gave fingerprints of 6-20 fragments. These categories
differed in the molecular weights of the plasmids contained, the numbers of
resistance markers, and the proportions of the plasmids which carried transposon
Tn7.

Some plasmids were more widespread and persistent than others with the same
mol. wt and resistance pattern but with a different restriction enzyme fingerprint.

Thus, application of this technique has shown the trimethoprim resistance
plasmids studied to be more diverse than was indicated by determination of
mol. wt and resistance pattern, and has indicated changes in the plasmid pool over
the 3 years during which they were collected.

INTRODUCTION
The first report of a transferable plasmid which mediated resistance to tri-

methoprim was published by Fleming, Datta & Gruneberg (1972). Trimethoprim
resistance has since been found on plasmids of an increasing number of different
incompatibility groups (Richards & Nugent, 1979).

In the course of earlier studies, we isolated a large number of plasmids that
specified trimethoprim resistance (Kraft, Platt & Timbury, 1983; 1984; 1985)
many of which carried transposon Tn7 (Kraft, Timbury & Platt, 1986). These
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plasmids were originally grouped on the basis of molecular weight and resistance
pattern.

Although incompatibility grouping (Datta, 1977) provides the means to further
characterize plasmids, it is based on a variable and often small proportion of the
plasmid DNA. It permits plasmids to be allocated to one of a limited number of
groups but does not resolve small differences between related plasmids.

Therefore, to investigate further our collection of trimethoprim R-plasmids and
examine aspects of their epidemiology, we used restriction endonuclease analysis
of plasmid DNA, a method that has become widely used for the study of plasmid
and bacterial epidemiology (Rubens et al. 1981; O'Brien et al. 1982; Lyon et al.
1984; Beul et al. 1985; Platt, Chesham & Kristinsson, 1986). In this study, we
applied a simple fingerprinting strategy to investigate the similarities and dif-
ferences between trimethoprim resistance plasmids.

MATERIALS AND METHODS

Plasmids. Seventy-two conjugative plasmids coding for high level resistance to
trimethoprim (MIC > 1024 /ig/m\) were studied. They were originally detected in
clinical isolates of Escherichia coli and had been transferred to E. coli K12 strains
J62-2 or J53-1 in the course of earlier studies (Kraft, Platt & Timbury, 1983; 1984;
1985). The clinical isolates had been collected on the basis of trimethoprim re-
sistance from both hospitalized and domiciliary patients with urinary tract in-
fections. Multiple isolates from the same patient were excluded from the study. The
plasmids specified resistance to between one and seven antibiotics: trimethoprim
(Tp), sulphamethoxazole (Su), streptomycin (Sm), tetracycline (Tc), ampicillin
(Ap), chloramphenicol (Cm) and kanamycin (Km). Thirty-two of them had been
shown to carry Tn7 (Kraft, Timbury & Platt, 1986).

Media. Cystine-lactose-electrolyte deficient (CLED) agar (Mast) was used for
growth and maintenance of organisms. Brain heart infusion broth (BHI, Oxoid)
was used for growth of organisms for preparation of plasmid DNA.

Preparation of plasmid DNA and restriction enzyme analysis. Organisms were
grown in BHI at 37 °C overnight. Plasmid DNA was extracted using the alka-
line-SDS method of Birnboim & Doly (1979) as modified by Ish-Horowitz &
Burke (1981). In addition the preparations were treated with 7*5 M ammonium ace-
tate before ethanol precipitation.

The plasmid DNA was digested with restriction enzymes according to the
manufacturer's instructions. Reaction mixtures contained 20 fi\ plasmid DNA and
10 units of enzyme in a total volume of 50 ft\. Incubation was for 4 h at the
temperature recommended by the manufacturer for each individual enzyme.

Gel electrophoretic analysis of the digest fragments was carried out as described
previously (Kraft, Timbury & Platt, 1986). Bateriophage lambda DNA, digested
with an appropriate enzyme, was included on each gel to provide molecular weight
standards.

Restriction enzymes used were: Hind III, Pst I, Sma I, Eco RI and Ava II
(BRL) and Bsp 1286 (New England Biolabs).

A ' fingerprint' of each plasmid was obtained with each of two or more restriction
enzymes in order to obtain a fingerprint which consisted of 6-20 fragments (the
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Table 1. Transferable trimethoprim resistance plasmids

243

Antimicrobial resistance
pattern transferred

Tp
Tp
TpSm*
TpSmf
TpSmj
TpSm
TpTcJ
TpTc
TpKm
TpKm*
TpSmTc
TpSmAp
TpSmKm
TpSuSmTc
TpSuSmAp*
TpSmTcAp
TpTcApKm
TpTcApCm
TpSuSmTcAp
TpSuSmTcAp
TpSuSmCmKm
TpTcApCmKm
TpSuSmTcApCm
TpSuSmTcApCm
TpSuSmTcApCmKm

itiean

plasmid
mol. wt.
(MDa)

46
68
35
47
60
73
32
86
42
65
48
49
74
31
50
62
66
55
46
67
60
65
62
92
56

Number of donor isolates that

Hospital
collection I
(1979-80)

0
0
3
8
2
1
2
0
0
3
3
0
1
1
9
0
0
0
3
1
0
0
0
0
0

plasmid

Hospital
collection II

(1982)

1
0
2
0
1
0
3
1
1
2
0
1
0
0
5
1
1
0
0
0
0
3
1
1
1

transferred

Collection
III

(Community)

0
1
2
1
0
0
0
b
0
3
0
0
0
0
1
0
0
1
0
0
1
0
0
0
0

* Similar plasmid found in all three collections.
t Similar plasmid found in community and one hospital collection.
X Similar plasmid found in both hospital collections.

most suitable number for gel electrophoretic analysis). The enzymes were selected
according to the strategy developed in our department (Platt et al. 1986). Hind III
digestion had been carried out previously (Kraft, Timbury & Platt, 1986) and was
included where appropriate.

RESULTS
The 72 plasmids were originally separated into 25 groups distinguishable by

mol. wt and resistance pattern (Table 1).
On the basis of restriction enzyme analysis the plasmids could be divided into

three broad categories according to which enzymes produced a 'fingerprint' of
6-20 fragments. Within each category, distinct groups were recognized by their
fingerprints. The groups, based on mol. wt and resistance pattern frequently
corresponded with those based on restriction enzyme fingerprints but this was not
invariably the case. According to the fingerprints a total of 44 apparently different
plasmids were distinguished.

Category 1. This category contained 26 plasmids which ranged in mol. wt from
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Table 2. Restriction endonuclease analysis of trimethoprim R-plasmids.

Category 1 plasmids Bsp 1286 fragments

No. common

Resistance Plasmid mol. Within With other
Group pattern Tn7 wt. (MDa) No. group group

1

la
2

2a

2b
3

4

5
6
7
8
9

10

TpTc
TpTc
TpTc
TpTc
TpTc
TpSmTc
TpSuSmTc
TpSmTc
TpSmTc
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm
TpSm

37
30
30
33
34
48
31
52
52
52
52
59
48
46
48
52
46
49
46
36
36
36
34
30
33
36

9 '
9
9
9
9
9 ;
9

17 >
17
17
17
17
17
17
17.
16
7"!
7 /

1 2 \
1 2 /
12 '
12
5

12
16
11 ,

8(1)

17

17

12

2-3

9(2)

* Number of group.

Fig. 1. Restriction endonuclease digests of TpSm plasmids with Bsp 1286. Category 1.
From left to right: plasmids from GRI 20079 (group 2a), GRI 18579 (group 2), GRI
16679 (group 2a), Lambda standard (range 5-2-1-0 kb), GRI 16379 (group 2), GRI
15979 (group 2b), GRI 3483 (group 9), GRI 2183 (group 8), GRI 40982 (group 7), GRI
15482 (group 4), Lambda standard.
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Table 3. Restriction endonuclease analysis of trimethoprim R-plasmids.
Category 2 plasmids Pst I fragments

3roup

1

la
lb
lc
2
2a
2b
3

4

5
6
7
8
9

10
11
12
13
14
15
16
17
18

Resistance pattern

TpKm
TpKm
TpKm
TpKm
TpKm
TpKm
TpKm
TpKm
TpKm
TpSm
TpSm
TpTcApCmKm
TpTcApCmKm
TpTcApCmKm
TpSmTcAp
TpTcApCm
TpTcApKm
TpSuSmTcApCm
TpSuSmCmKm
TpSuSmTcApCm
TpSuSmTcApCm
TpSuSmTcApCmKm
Tp
Tp
TpTc
TpSmAp
TpSmKm
TpSm

Plasmid mol.
Tn7 wt (MDa)

— 70
— 70
— 64
— 69
— 63
— 70
— 42
— 56
— 66
+ 60
+ 64
— 67
— 65
— 64
— 62
— 55
— 66
+ 67
— 60
— 62
— 92
— 56
— 46
— 68
— 86
+ 49
— 74
— 73

* No. of group.

No.

to
 t

o
 t

o
o

 o
 

o

20
20
19
18
19
23
19)
19/
1 5 )
15
15*
17 \
17
20
16
12
20
29
16
12
15
21
18
8

16

No.

Within
group

20

16

15

2-3

common

With other
group

18(1)*
18(1)*
19(1)*
9(1)*
6(2)*
7(2)*

12 (10)*

9 13)*

30-59 MDa and specified resistance to TpTc, TpSm, TpSmTc and TpSuSmTc.
Eighteen carried Tn7.

On the basis of restriction enzyme fingerprinting they could be divided into 5
broad groups and subdivided further into 14 different plasmids 10 of which carried
Tn7 (Table 2) (Fig. 1).

Group 1 contained one plasmid with an additional resistance marker and a
larger mol. \vt than the remaining plasmids although all produced the same finger-
print with Bsp 1286. Similarly, group 2 contained plasmids of two different
resistance patterns but similar molecular weights and identical fingerprints with
Bsp 1286. The other groups contained fewer plasmids and here identical finger-
prints corresponded with identity of resistance pattern and similar mol. wt.
Groups 5-10 consisted of 6 individual plasmids of similar mol. wt. and resistance
pattern each with a different fingerprint and no more than 2 or 3 bands common
to any 2 plasmids.
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Fig. 2. Restriction endonudease digests of TpKm plasmids with Pst I. Category 2.
From left to right: plasmids from GRI 20882 (group 2), GRI 1480 (group 2a), GRI
2680 (group 2b), GRI 7480 (group 1), Lambda standard (range 14-5-1-7 kb), GRI 6180
(group lc), GRI 4282a (group la), GRI 4282 (group 1), GRI 36282 (group lb), GRI
52482 (group 1).

Table 4. Restriction endonudease analysis of trimethoprim R-plasmids.

Category 3 plasmids Hind III fragments

roup

1

la

lb

lc
Id
le

2

2a

Resistance
pattern

TpSuSmAp
TpSuSmAp
TpSuSmAp
TpSuSmAp
TpSuSmAp
TpSuSmAp
TpSuSmAp
TpSuSmAp
TpSuSmAp
TpSuSmAp
TpSuSmAp

TpSuSmAp

TpSuSmAp
TpSuSmAp
TpSuSmAp

TpSuSmTcAp
TpSuSmTcAp
TpSuSmTcAp

Tn7

+
+
+
+
+
- t4.

+

—t
*

- t
+

+
- t
+
+
+

Plasmid mol.
wt. (MDa)

46
53
47
50
50
49
48
53
55
48
50

39

46
55
50
41
48
50

No.

16 )
16
16
16
16 J
16 )
16
16
16
16
16 J
19

18
18
?

17
17
17,

No. common

Within With other
group group

16 12(1)*

i i A
10

/ 8(1)*
111 (la)*

bands not.
- clear: matching

uncertain

17
16 (2)*

• No. of group.
t Smaller Tn7 fragment present.
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Further analysis of plasmids in this category was not achieved due to the limited

number of cleavage sites.
Category 2. This category contained 28 plasmids only 4 of which carried Tn7.

Mol. wts ranged from 42-92 MDa, 23 (82%) of the plasmids having a mol. wt of
60 MDa or greater, and 11 (39%) specified resistance to between 4 and 7 anti-
biotics. The commonest plasmid in this category specified resistance to TpKm.
This category could be subdivided into 23 apparently different plasmids (Table 3).
The TpKm plasmids in particular appeared to exhibit some diversity although the
various groups differed by relatively few fragments (Fig. 2).

Category 3. All the 18 plasmids in category 3 coded for TpSuSmAp or TpSu-
SmTcAp with mol. wts ranging from 39-55 MDa. Ten carried Tn7. Eight different
plasmids were distinguishable (Table 4), although the six plasmids in group 1 had
a large proportion of fragments in common and those in group 2 differed by a
single fragment only.

Relationship between groupi?ig of plasmids by mol. wt and resistance pattern and by
restriction digest patterns. The two plasmids that specified trimethoprim resistance
only and differed in mol. wt by about 10 MDa both fell into category 2. Digestion
with Pst I produced 12 and 15 fragments respectively of which 9 were common,
suggesting a high degree of similarity.

The plasmids that specified resistance to TpSm, all except one containing Tn7,
exhibited considerable heterogeneity, some falling into category 1, and others into
category 2. The 7 TpSm plasmids with mol. wts of 30-30 MDa all gave distinct
fingerprints with Bsp 1286 with only 2 or 3 common bands (Table 2). One of this
group gave the same fingerprint as a TpSm plasmid 10 MDa larger. The 2 re-
maining mol. wt groups of TpSm plasmids in Category 1 were divided into 4 ap-
parently different plasmids. This is consistent with the wide dissemination of Tn7
among different plasmids.

Of the 6 TpTc plasmids, 5 of similar mol. wt all gave the same fingerprint in
category 1 whereas the larger TpTc plasmid fell into category 2. This indicated a
common origin for the lower mol. wt. TpTc plasmids rather than the spread of a
transposable element, although a larger number of plasmids would need to be
analysed to confirm this. Three of these five plasmids came from organisms isolated
from different patients in the same hospital ward during the same month, and the
clinical isolates were indistinguishable on the basis of resistance pattern and
plasmid profile. This was taken to indicate bacterial cross-infection.

The TpSmTc and TpSuSmTc plasmids were similar in molecular weight and
fingerprints to TpSm and TpTc plasmids respectively, suggesting a common
origin.

All the TpKm plasmids fell into category 2 and although they exhibited some
heterogeneity in mol. wt and fingerprints, many differed by only 1 or 2 fragments
(out of a total of 18-20) and at least one-third of the fragments were common to
all. This again suggests a common origin rather than spread of a transposable
clement but indicates some plasmid divergence. The bacterial isolates from which
these plasmids originally came were all apparently different on the basis of anti-
microbial resistance patterns and plasmid profiles.

The plasmids with large numbers of resistance markers all tended to have
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A • B C D E
Fig. 3. Restriction endonuclease digests of plasmids coding for TpSuSmAp, with
Hind III. Category 3. Lanes A and D, plasmids from isolates GRI 3479 and 22779
respectively, group 1. Each has the two fragments characteristic of transposon Tn7.
Lanes B and C, 11779 and 17279 respectively, group la. The larger of the two fragments
characteristic of Tn7 is not present. Lane E: Rp4::Tn7 standard plasmid.
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Fig. 4. Scatter diagram of molecular weights and resistance patterns of trimethoprim
resistance plasmids divided into three categories on the basis of which restriction
enzymes gave 6-20 digest fragments. A . category 1; O, category 2; A . category 3.
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relatively high molecular weights and fell into category 2 although they had few
fragments in common.

The plasmids that specified resistance to TpSuSmAp could be divided (with four
exceptions) into two groups each group with a distinct fingerprint (Fig. 3). Group
1 (Table 4) carried Tn7 while group la yielded the same number of Hind III digest
fragments as group 1, but whereas the smaller of the two Tn7 fragments was
present the upper, larger, band was not; the two groups shared 12 common
fragments (Fig. 3). This suggests a rearrangement involving part of the Tn7. The
relationship of the remaining TpSuSmAp plasmids to the others is uncertain.
Three repeatedly failed to produce a clear fingerprint although no reason for this
was apparent. This problem may be related to the characteristics of the individual
plasmids.

The relationship between mol. wt., resistance pattern and restriction digest
category is illustrated in Fig. 4. Category 1 tended to have a small number of
resistance markers and relatively low mol. wts., category 2 a wide range of re-
sistance markers including all those with larger numbers of markers and relatively
high mol. wts., and category 3 a very restricted group of plasmids with 4 or 5
resistance markers and intermediate mol. wt. approximately 50 MDa. Plasmids
that encoded Tn7 were largely restricted to categories 1 and 3.

Epidemiology. The digest fingerprints were used to examine the similarity of
plasmids from the three collections of organisms.

The plasmids coding for TpSm, overall the commonest resistance pattern iso-
lated, are detailed in Table 5. TpSm plasmids were originally divided into four
groups on the basis of molecular weight. It is clear from Table 5 that the incidence
of the different TpSm plasmids in the three collections is related to the fingerprint
category and group. Category 1 plasmids, mean mol. wt. 49 MDa (Set B) belonging
to groups 2, 2a, 2b and 3, appeared only in the 1979 hospital collection. The one
plasmid of mol. wt. 46 MDa from the community was isolated in 1981 and was in a
different group (group 4). The miscellaneous group of low mol. wt. plasmids (Set A)
persisted through all three collections. A category 2 group 3 plasmid (Set C) also
persisted into the second hospital collection.

Considering the TpSuSmAp plasmids (category 3) - the second most common
resistance pattern, of those with one Tn7 band missing (groups la and Id) the 6
in group la were isolated in 1979 and the 1 in group Id in 1982. In contrast, of the
7 plasmids with both Tn7 fragments, groups 1, lb and lc, 2 were isolated in 1979,
1 in 1980 and 4 in 1982.

DISCUSSION
From the results presented, it appears that the separation of the plasmids into

three categories on the basis of restriction enzyme digestion reflects genuine
differences in the plasmids as the categories also relate to the other plasmid
characteristics of mol. wt. and antimicrobial resistance determinants.

The results have shown on the one hand, that plasmids with the same mol. wt
and resistance pattern could have different fingerprints; thus increasing our esti-
mate of the number of different trimethoprim R-plasmids. Conversely, plasmids
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differing slightly in mol. wt. (by up to 10 MDa) or resistance pattern (one de-
terminant) could give the same fingerprint. To remain undetected, the DNA
responsible for an increase in mol. wt must be present in fragments sufficiently
small or large to fall outside the mol. wt range of the fragments making up the
fingerprint. In the case of the presence or absence of an extra resistance marker
this could result from an inversion or rearrangement within a fragment not
affecting the recognition sequences for a given enzyme. Alternatively, the ad-
ditional DNA may be present in a sufficiently large fragment that the change in
mol. wt is not resolved. Thus clearly the two types of characteristics need to be
used in conjunction.

Heterogeneity, with few common fragments, among the fingerprints of TpSm
plasmids suggests the continued spread of Tn7 through the plasmid pool. Finger-
prints of TpKm and TpTc plasmids on the other hand do not support our earlier
suggestion (Kraft, Platt & Timbury, 1984) that other trimethoprim transposons
may be spreading through the plasmid pool. The similarity of these plasmids
suggests that each may have had a common origin rather than resulting from the
spread of transposons, and in the case of TpTc plasmids, bacterial cross-infection
appears to have occurred. However, these results do not exclude the possibility
that a transposon is responsible for TpKm resistance.

In the present study the fingerprints were also found to have some epidemi-
ological applications. TpSm plasmids were less common in the later two collections
than in the first and one particular mol. wt. group had disappeared altogether. The
question arose as to whether this was a particular plasmid type or whether the
finding was coincidental. Fingerprint results showed that the plasmids which
had disappeared belonged to different groups to those which persisted and suggests
a genuine change in the plasmid pool.

In the case of TpSuSmTc plasmids two distinct fingerprints were obtained
suggesting the occurrence of a rearrangement involving one of the Hind III
recognition sequences in Tn7. Again a change in the plasmid pool appeared to
result, with the pattern containing the intact Tn7 persisting while the rearranged
plasmid largely disappeared. The altered Tn7 still conferred trimethoprim re-
sistance, but the rearranged plasmid appears to have been at a selective dis-
advantage compared with the original.

As relatively small numbers of plasmids were examined from what is probably
a very large plasmid pool these results must be interpreted with caution; however,
it would appear that changes have occurred in the plasmid pool over the period
during which the organisms were collected.

Overall, restriction enzyme fingerprinting has extended the groupings based on
mol. wt and resistance pattern and has further demonstrated the value of a
molecular approach to epidemiology with particular regard to the spread and
persistence of trimethoprim plasmids in E. coli populations.

This work was supported by a grant from the Scottish Home and Health
Department (research grant no. K/MRS/50/C345); their financial assistance is
gratefully acknowledged.
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