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An Accurate Method for Estimating Sizes of Small and Large Plasmids and
DNA Fragments by Gel Electrophoresis
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Several regression methods were tested for estimating the sizes of a wide range of plasmids
(1-37-312 MDa) and restriction fragments (2-2-14-2 MDa) by agarose gel electrophoresis. The
most accurate and least variable method was the multiple regression of log,, molecular size
against log,, relative mobility and the reciprocal square root of the relative mobility. This
method gave a good fit to all the data with low percentage errors of the molecular size estimates
(<3:0 £ 1-5%). It is suggested that with this method the molecular size of unknown plasmids
can be accurately estimated using the plasmids from Escherichia coli V517 and E. coli IR713 as
standards.

INTRODUCTION

For many years molecular sizes of plasmids and other pieces of DNA have been estimated by
their mobility in electrophoresis gels. Aaij & Borst (1972) showed a linear relationship between
the logarithm of molecular size and mobility that could be used to estimate unknown sizes of
bacteriophage and mitochondrial DNA up to 10 MDa. This approach was extended for
plasmids of up to 95 MDa by using a log/log plot of molecular size and mobility (Meyers et al.,
1976). Other workers have consistently been unable to accurately estimate molecular sizes of
large plasmids with this method (Willshaw et al., 1979) because the log/log plot is intrinsically
curved. More complex approaches have been developed using mobility data obtained from
restriction fragments of DNA to obtain linear relationships (Southern, 1979; Schaffer &
Sederoff, 1981), but these have rarely been used subsequently. Most currently accepted methods
for measuring the molecular sizes of plasmids, such as by electron microscopy (Grindley et al.,
1973) and from restriction endonuclease digests (Grinter & Barth, 1976), are much more difficult
and time consuming than direct gel electrophoresis. Consequently there is a need for a better
method of estimating molecular sizes of DNA from their electrophoretic mobilities, particularly
for the larger plasmids. The aim of this work was to develop such a method that would be easy to
use routinely.

METHODS

Bacterial plasmids and cultural conditions. Molecular sizes of the plasmids used have all been estimated
independently, by methods other than straightforward electrophoresis. In the following list of the plasmids used
the reference quoted refers to the molecular size estimation. The plasmids, which were mainly in Escherichia coli
and Pseudomonas spp., were pVAS517A-H (Macrina et al., 1978), R300B (Grinter & Barth, 1976), pGSS15, pGSS6
(Barth et al., 1981), pRP1 (Lanka & Barth, 1981), RP4 (Currier & Morgan, 1981), R1drd19 (Jacoby et a/., 1983),
pWWO (Lehrbacheral., 1983), TP116 (Grindley ez al., 1973), R91, CAM (Jacob et al., 1977), RIP64 (Korfhagen et
al., 1978) and pMG1 (Hansen & Olsen, 1978). All cultures were started from single colonies and streaked onto
nutrient agar (Oxoid; CM3) plates which were incubated at 30 °C for 18 h. The larger single colonies were then
used for the plasmid preparations. All strains were maintained on drug-free nutrient agar without plasmid loss.

DNA procedures. Plasmid DNA was isolated as described by Kado & Liu (1981) for single colonies; following
phenol/chloroform extraction the aqueous layer was removed using a wide bore (2-5mm inside diameter)
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disposable 200 pul tip. Using such a tip avoids shearing large plasmids and minimizes disturbance of the interface
between the organic and aqueous phases. The restriction endonuclease EcoRI and bacteriophage A DNA were
obtained from Sigma. A DNA was digested as recommended by the supplier.

Gel electrophoresis. Plasmid DNA (50 pl) was mixed with 5 pl of loading dye (5095, w/v, glycerol; 0-05 M-Tris
buffer; 0-25%, w/v, bromocresol purple; pH 7-9), and 25 ul of this mixture was loaded into the wells of a 0-8 % (w/v)
agarose gel (BDH ; product no. 44302); in one experiment a 1-4%, (w/v) agarose gel was used. The gel was made up
and run in Tris/borate buffer (pH 8-0; Tris, 10-8 g; EDTA, 0-93 g; boric acid, 55 g; distilled water, 1 litre). Gels
wererunat 6 V. ecm™! for 10 min followed by 12 V cm™? for a further 2 h. In one experiment the gel was run at twice
this voltage gradient and in another experiment at 8 Vcem~'. DNA was stained for 1 h in ethidium bromide
(0-4 pg ml~') and washed in running tap water for 20 min.

Gel examination. Gels were illuminated with an ultraviolet transilluminator (Ultraviolet Products, San Gabriel,
Calfornia, USA) and photographed (Burton et al., 1982). Negatives were scanned with a Chromoscan 200 (Joyce
Loebl, Gateshead, UK) to determine the position of the peak absorbance of each covalently closed circular
plasmid or DNA restriction fragment band. Migration distance was measured from the front of each well to the
absorbance peaks. Relative mobilities for plasmids and DNA fragments were calculated from the migration
distance, as a percentage of the distance moved by the smallest plasmid in E. coli V517.

Statistical analysis. Regression analysis was done with Minitab (Ryan et al., 1976) using appropriate
transformations (x, x'/2, log,, x, 1/x, and 1/x!/?) of the molecular sizes and relative mobilities of the plasmids.
These transformations were chosen because they have been recommended for use when curved regression lines
need to be straightened (Velleman & Hoaglin, 1981). A separate regression analysis was done for all the plasmids
on each gel and the squared correlation coefficient (R2) and Durbin-Watson statistic noted (Chatterjee & Price,
1977). The percentage errors of the predicted values for the plasmid molecular sizes were calculated from the
residuals (predicted value — actual value) as a percentage of the actual molecular sizes. A multiple regression
analysis was also done; the regression equation waus

logio M= a + b,(log,or) + by(1/r'/?)

where M, is the estimated molecular size, r is the relative mobility and a, b, and b, are regression coefficients. The
method of Southern (1979) used a modified relative mobility (r):

r=M- M,

where M is the distance moved (mm) by the DNA band and M, is an empirical correction factor which helps fit a
linear regression line (Southern, 1979).

RESULTS AND DISCUSSION

Eighteen independent gel electrophoresis experiments were done to determine the relative
mobility of a wide size rar  of plasmids (1-37-312 MDa). Regression analysis of these data
was done to find a method which could be used to estimate sizes of unknown plasmids within
this size range. As anticipated the regression of log,, molecular size against log,, relative
mobility (LL) gave a reasonable fit for the smaller plasmids but grossly underestimated the sizes
of the largest plasmids (Fig. 1a, b; Table 1).

To find a better pair of transformations. regressions were done on all the data with twelve
combinations of different transformations. The efficiency of transformations in providing a
good fit to a set of data can be assessed by the squared correlation coefficient (R2) and the
Durbin-Watson statistic, both of which were calculated during the regression analysis
(Chatterjee & Price, 1977). The R? value gives the proportion of the variance in the data
explained by the linear relationship between the regression variables. Thus for an R? value of
1009 all the points would lie exactly on the straight line calculated by the regression, so the
higher the value of R? the closer the data points are to a straight line. The Durbin-Watson
statistic tests for autocorrelation in the residuals; this is only a meaningful test when the data
points are ordered, and in this work the data were always ordered by molecular size. Durbin-
Watson tables are unusual in that two table values are given. A Durbin-Watson statistic lower
than the lowest table value indicates significant autocorrelation; a value higher than the highest
table value shows that no significant autocorrelation exists and the result for intermediate values
is uncertain. For a bivariant regression analysis with eighteen data points, which was the
maximum used here, the table values of the Durbin—-Watson statistic were 1-151 and 1-391.
Significant autocorrelation between residuals indicates either curvature or a poorly fitting
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Fig. 1. Typical plots of log,, plasmid molecular sizes against log;, relative plasmid mobility (a) and
log,, predicted molecular sizes (b-d). log,, molecular size was predicted by regression of log,,
molecular size with log,, relative plasmid mobility (), reciprocal square root of relative plasmid
mobility (¢) and both of these variables using multiple regression (d). Regression lines are drawn which,
for plots (b)~(d), are also the lines of equality.

straight line; thus the higher the Durbin—Watson statistic the better the regression model fits the
data. Using these criteria the most satisfactory transformations were the pair used in LL and
log,, molecular size against the reciprocal square root (1/x/2) of the relative mobility regression
(LR). For LR the R? value and the Durbin—Watson statistic were almost as high as for LL
(Table 1).

In the plots of molecular size and predicted molecular size for both LL and LR methods (Fig.
15, ¢) the points did not lie on a straight line. As the curvatures of the points were in opposite
directions multiple regression of log,, molecular size against log,, relative mobility and
reciprocal square root of relative mobility (MR) should give a better fit to the data. This was
clearly true for the typical results presented (Fig. 1d). Under the electrophoresis conditions
tested there was a very good linear relationship between the predicted and real values for the
molecular sizes of the plasmids used (1-37-312 MDa). Also MR consistently showed a higher R?
value and Durbin-Watson statistic than LL or LR. MR on all eighteen sets of data showed much
lower percentage errors for the plasmid molecular sizes (Table 1). The mean percentage error for
all the molecular sizes of the plasmids examined was very much lower and less variable for MR
than for the LL or LR methods. The mean percentage error for the smallest plasmid used
(1-37 MDa) was much larger than the rest (11-6%,; Table 1); consequently the mean percentage
error of plasmids between 1-76 and 312 MDa was only 2:53 + 1-06Y%;.

The multiple regression equation

logio M, = a + bi(log,or) + by(1/r'7?)

can easily be used because programs and packages are readily available which can do multiple
regression on all types of computer, and present no computational difficulties for calculating the
regression coeflicients. )
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Table 1. Comparison of four regression methods for calculating mean errors of predicted
molecular sizes of plasmids covering a wide size range

Meant error (%) from n values of predicted
molecular sizes obtained with the

Molecular following regression methods:}
size r A N
Plasmid (MDa) n* LL LR MR S
pVASITH 1-37 11 -38 +23-8 +11-6 +62-9
pVASLTG 1-76 14 —55 +11-1 + 22 +879
pVASITF 2:02 14 —66 +42 —2:4 +779
pVASITE 267 14 ~43 -338 —4-1 +61-8
pVASITD 3-38 14 +13 —65 -2:3 +54-1
pVAS17C 364 13 +11-5 -1-4 +0:16 +56:2
pVAS17B 4-81 14 +19-8 —0-8 +3-5 +50-2
pGSS15 7-35 6 =111 —12:1 -51 -0-4
pGSS6 819 5 +182 +151 +57 +327
pVASITA 358 15 +23 -37 +0-08 -9-7
RP4 367 10 +40 —-63 +0-38 =110
pRP1 445 11 +4-3 =51 +0-56 -63
Rldrd19 61-8 11 -86 =121 -19 —143
pWWO 749 9 +6:2 +82 +02 =91
RIP64 78 7 +14:1 +219 +2-8 +86
CAM 91-6 4 —356 +71-5 +55 +52-1
TP116 143-6 3 —156 +53 —0-57 +3:0
pMGI1 312 5 —45-5 —149 -56 -84
Mean§ percentage error 122 + 56 126 + 80 30 + 15 337 + 144
+959%, confidence interval

Meant R? (%) 97-5 97:1 98-6 96-0
Meant Durbin-Watson statistic 1-73 1-41 1-97 1-71

* n, Number of times the plasmid mobilities were used in the 18 regression analyses.

T Mean values obtained from 18 separate regression analyses.

1 LL,log,, M, againstlog,, r: LR, log,, M, against 1/r'/>; MR, log,, M, against log,, rand 1/r'/*; S, M, against
1/r" (Southern, 1979). (M,, molecular size; r and r’, relative mobilities.)

§ Absolute mean errors obtained from all the plasmids.

Table 2. Comparison of four regression methods for calculating mean errors of predicted
molecular sizes of EcoRI restriction fragments of bacteriophage 2 DN A

Meant error (%) from n values of predicted

Fragment molecular sizes obtained with the
molecular following regressional methods:
size — A N
(MDa) n* LL LR MR S
22 S +2-18 +9-82 +0-73 +0-18
312 5 -1:32 —0-69 —1-05 -1-59
36 5 -0-39 —1-89 -011 +0-15
385 5 - 042 —2:57 —0-03 +0-18
4.9] 5 —0-02 —3-59 +0-60 +0-85
14-17 5 +0-22 +1-37 -0-04 —-0-06
Mean§ percentage error
+ 959 confidence interval 0-76 + 097 332 + 351 0-43 + 045 0-50 + 0-64
Meant R? (%) 99-9 98-4 99-9 100-0
Meant Durbin-Watson statistic 2-08 1-31 2:46 2:42

* + 1§, See Table 1.

Southern’s method (Southern, 1979), which was designed for determining the size of
restriction fragments, was used on our data (S). The results (Table 1) show from the high R? and
Durbin-Watson statistics that the method gave a good linear fit. However, the errors in the
predicted molecular sizes were very large and the mean percentage error for all the plasmids was
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Table 3. Comparison of three regression methods for calculating mean errors of predicted
molecular sizes of plasmids obtained from a 1-4%; agarose gel

Meant error (%) from » values of predicted
molecular sizes obtained with the

Molecular following regression methods:}
size I A \

Plasmid (MDa) n* LL LR MR
pVASITH 1-37 3 +179 +30-0 +1-3
pVAS17G 176 3 +36 +71 +0-30
pVASITF 2:02 3 —-25 -15 —-22
pVASITE 2:67 3 —53 —83 +0-68
pVASLITD 3-38 3 —61 -99 +0-55
pVAS5I7C 3-64 3 —64 -10-3 —-0-30
pVAS17B 4-81 3 +73 +9-1 —0-05
R300B 57 3 c c c
R91 48-1 2 ND ND ND
TP116 143-7 2 ND ND ND
Mean§ percentage error

+ 959% confidence interval 70 + 44 109 + 77 077 + 0-64
Meant R? (%) 93-1 839 99-1
Meant Durbin-Watson statistic 1-19 1-08 2-40

¢, Ran with chromosome.
ND, Not detected because plasmid too large to enter gel at this concentration.
*+ 18§, See Table 1.

over ten times larger and more variable than our MR method. A modification of Southern’s
method has also been suggested (Schaffer & Sederoff, 1981). However, both methods are
computationally complex and give no advantage over our MR approach. A comparison of the
four prediction methods on bacteriophage A restriction fragments also showed MR to be the best
method (Table 2). However, in this case, where the size range of DNA fragments was smaller,
the LL and Southern regressions were also much better.

The LL, LR and MR methods were also compared at a higher agarose concentration (Table 3)
and at two different voltages (Table 4) for a number of plasmids. In each case MR was the best
method, showing the highest R? values and Durbin—Watson statistics, but the lowest percentage
errors and variabilities. These results suggest that the MR approach will work well under a wide
range of electrophoresis conditions.

The degree of supercoiling is known to affect plasmid mobility (Wang, 1980) so the mobilities
of pGSS15 and RP4 were tested using six different bacteria as plasmid hosts (three strains of E.
coli and Pseudomonas aeruginosa, Pseudomonas putida and Acinetobacter calcoaceticus). There was
no difference in the mobilities of the plasmids from the different bacteria. Thus MR can be used
to accurately estimate the sizes of plasmids isolated from different bacteria because supercoiling
appears to be constant in a range of bacteria. However, there is a suggestion that incubation
temperature can affect supercoiling (Goldstein & Drlica, 1984). Therefore it would be prudent to
use a constant temperature to grow all the hosts in a plasmid sizing experiment.

It would be easier to estimate the size of unknown plasmids on a routine basis if a small
number of organisms could supply enough plasmid standards of sufficient size range to calculate
a useful regression equation. We tested this possibility by using the pVA517 range of plasmids
and TP116 to estimate the sizes of RP4, pRP1, pWWO0 and RIP64 which varied in size between
36-7 MDa and 78 MDa. The mean percentage error and 959, confidence limits of the estimated
molecular sizes of these five plasmids (3-63 + 1:16%;) was similar to that observed for MR in
Table 1.

Our results indicate that plasmid sizes can be satisfactorily determined over the entire range
we have used from gel electrophoresis of the eight plasmids in E. coli V517 and the single larger
plasmid, TP116 in E. coli IR713. Thus the use of multiple regression with these two bacteria
provides a simple and rapid method for determining the size of bacterial plasmids and other
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Table 4. Comparison of three regression methods for calculating mean errors of predicted
molecular sizes of plasmids from electrophoresis gels at two different voltages

Meant error (%) from n values of predicted molecular sizes obtained from
gels run at the following voltages:
A

r Al
Molecular 8 Vem™! 22 Vem™!
size - A N p A \
Plasmid (MDa) n* LL LR MR LL LR MR
pVAS5I7TH 1-37 3 -9:1 +24-7 +9-2 —13-7 +206 +0-69
pVASL7G 1-76 3 —62 +89 +1-8 —56 +89 +035
pVASITF 2:02 3 —86 +13 —34 —69 +23 -32
pVASITE 2-57 3 —-34 —-33 —-2:6 -55 —4-4 -52
pVASI7D 3-38 3 -19 -55 —-2:6 +1-5 —-32 —0-71
pVAS317C 3-64 3 +1-8 -52 -27 +29 -29 +0-18
pVASITB 4-81 3 +69 -27 +14 +7-6 —22 +3-6
R300B 5-52 3 +10-5 —-014 +4-4 +10-7 +091 +4-4
pVASITA 358 3 +2-8 —0:76 +0-65 +2-4 -1-3 +0-90
R91 481 2 —-0-31 —-2:52 —-0-39 -35 —-6:6 —4-7
TP116 143-6 2 —-34 +2:54 +0-13 — 16 +44 —-13
Mean§ percentage error 50+ 22 352+44 26+ 16 56+25 53+36 23 +12
+ 959 confidence interval
Meant R* (%) 994 99-6 99-8 99-3 99-1 99-6
Meant Durbin-Watson 0-63 097 1-23 0-78 1-63 2-01

statistic

* 41§, See Table 1.

covalently closed circular DNA. This represents a considerable improvement over existing
electrophoretic methods and has similar precision to other methods of accurate plasmid size
determination such as electron microscopy contour lengths.
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