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a b s t r a c t

In this study, a simple non-linear mathematical function is proposed to accurately predict
recombination frequencies in bacterial plasmid DNA harbouring directly repeated
sequences. The mathematical function, which was developed on the basis of published data
on deletion–formation in multicopy plasmids containing direct-repeats (14–856 bp) and
intervening sequences (0–3872 bp), also accounts for the strain genotype in terms of its
recA function. A bootstrap resampling technique was used to estimate confidence intervals
for the correlation parameters. More than 92% of the predicted values were found to be
within a pre-established ±5-fold interval of deviation from experimental data. The correla-
tion does not only provide a way to predict, with good accuracy, the recombination fre-
quency, but also opens the way to improve insight into these processes.

! 2008 Elsevier Inc. All rights reserved.

1. Introduction

In bacterial model systems, recombination mediated by
repeated sequences can occur in plasmid or chromosomal
DNA both by recA-independent or recA-dependent mecha-
nisms. The recA-independent rearrangement of repeated
sequences is currently explained by slipped misalignment
during DNA replication accompanied by sister-chromo-
some exchange (SCE), as described by several models (Bi
and Liu, 1996a; Feschenko and Lovett, 1998; Lovett et al.,
1993; Streisinger et al., 1966). Both recA-independent
and recA-dependent mechanisms are differentially affected
by genotype constraints and structural factors like the
degree of homology and distance between the repeats.
Deletion frequency increases with repeat length (Bi and
Liu, 1994; Bi and Liu, 1996a; Dianov et al., 1991; Lovett
et al., 1994; Mazin et al., 1991; Peeters et al., 1988; Shen
and Huang, 1986) and decreases as the distance between
the repeats is increased (Bi and Liu, 1994; Bi and Liu,

1996a; Chédin et al., 1994). Explanations for this behaviour
have been given elsewhere (Bi and Liu, 1996a). Studies
involving the influence of the latter two parameters on
recombination frequency have also been performed in
non-bacterial systems (Deng and Capecchi, 1992;
Jinks-Robertson et al., 1993; Schildkraut et al., 2005).

Although many groups have studied the dependence of
recombination frequency on repeat and intervening
sequence lengths, few attempts were made to obtain a pre-
dictive tool to estimate recombination frequency mediated
by direct repeats. Fujitani and co-workers (Fujitani et al.,
1995; Fujitani and Kobayashi, 1999; Fujitani and
Kobayashi, 2003) have explained the dependence of
recombination frequency on repeat length, for two
double-stranded DNA molecules, through a mechanistic
model based on a time-dependent random-walk of a
branch point connecting the two homologous segments.
In their last work, Fujitani and Kobayashi conclude that
the recombination frequency is related to the repeat length
by a power law and that a shift from the third power of the
repeat length to a linear dependence can be observed as
the repeat length increases. However, this study only
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analyses the effect of repeat length on recombination
frequency and not the distance between homologues.
Although it provides an important basis for the establish-
ment of correlations between recombination frequency
and both repeat length and spacer distance, its direct use
to make predictions of practical utility is sometimes rather
difficult. More recently, Rocha (2003) used the logarithmic
form of recombination frequency versus intervening
sequence length data published by Chédin and co-workers
(Chédin et al., 1994), to calculate relative recombination
potentials in bacterial chromosomes.

The mathematical function presented here is, to our
knowledge, the first attempt to take into account the
simultaneous effect of direct-repeat and intervening se-
quence length on recombination frequency. Due to its sim-

plicity and deterministic background, it may represent a
valuable predictive tool for identical systems and a basis
for future development of more accurate models.

2. Materials and methods

2.1. Data and statistical analysis

We gathered published data concerning recombination frequency on
Escherichia coli and Bacillus subtilis plasmids harbouring fully identical di-
rectly repeated sequences (Table 1). This data was further grouped
regarding the presence or absence of the recA function. Parameter estima-
tion was carried out by non-linear least squares regression, using an Excel
spreadsheet (Microsoft Corporation, Redmond, WA). Ninety five percent
confidence intervals for the parameters obtained (mean ± 1.96 times the
standard error of the mean) were computed by applying 150 times a

Table 1
Comparison of experimental data (FRexp) and model predictions (FRcal) for recombination frequency between plasmids harbouring direct-repeats with length LR

and intervening sequence LS

Source Strain/type of replicon LR (bp) LS (bp) FRexp FRcal

(A)
Mazin et al. (1991) E. coli AB1157 d(srlR-recA)304 pBR327 derivatives 42 52 3.9 ! 10"6 1.6 ! 10"5

Dianov et al. (1991) E. coli AB1157 d(srlR-recA)304 pBR327 derivatives 401 68 6.0 ! 10"5 1.9 ! 10"4

165 44 1.7 ! 10"5 1.2 ! 10"4

Lovett et al. (1993) E. coli AB1157 d(srlR-recA)304 pBR322 derivatives 787 0 1.1 ! 10"3 4.4 ! 10"4

Chédin et al. (1994) B. subtilis HVS567 pAMb1 derivative 18 15 1.4 ! 10"5 5.1 ! 10"6

61 4.4 ! 10"6 1.3 ! 10"6

126 6.9 ! 10"7 5.7 ! 10"7

142 4.6 ! 10"7 5.0 ! 10"7

286 1.9 ! 10"7 2.1 ! 10"7

686 4.2 ! 10"8 6.6 ! 10"8

1285 1.9 ! 10"8 2.7 ! 10
"8

Bi and Liu (1994)! E. coli HB101pBR322 derivatives 14 0 2.6 ! 10"5 1.7 ! 10
"5

106 3.3 ! 10"4 3.0 ! 10
"4

279 5.0 ! 10"4 3.9 ! 10
"4

287 3.0 ! 10"4 3.9 ! 10
"4

352 5.5 ! 10"4 4.0 ! 10
"4

559 3.4 ! 10"4 4.2 ! 10
"4

606 7.4 ! 10"4 4.3 ! 10
"4

856 2.7 ! 10"4 4.4 ! 10
"4

30 3872 2.6 ! 10"7 4.7 ! 10
"8

106 1.5 ! 10"6 9.5 ! 10
"7

352 1.0 ! 10"5 5.0 ! 10
"6

559 2.3 ! 10"5 8.6 ! 10
"6

606 1.9 ! 10"5 9.4 ! 10
"6

352 100 3.5 ! 10"4 1.4 ! 10
"4

398 1.7 ! 10"4 4.6 ! 10
"5

2668 5.3 ! 10"6 7.3 ! 10
"6

559 100 2.3 ! 10"4 1.9 ! 10
"4

398 1.0 ! 10"4 7.3 ! 10
"5

2668 1.0 ! 10"5 1.2 ! 10
"5

Lovett et al. (1994) E. coli AB1157 d(srlR-recA)304 pBR322 derivatives 101 0 9.5 ! 10
"4 2.9 ! 10

"4

Bi and Liu (1996a)" E. coli MM294DrecApBR322 derivatives 559 100 1.6 ! 10
"4 1.9 ! 10

"4

398 3.0 ! 10
"5 7.3 ! 10

"5

2668 1.2 ! 10
"6 1.2 ! 10

"5

14 0 5.5 ! 10
"6 1.7 ! 10

"5

106 2.5 ! 10
"4 3.0 ! 10

"4

352 7.0 ! 10
"4 4.0 ! 10

"4

559 2.4 ! 10
"4 4.2 ! 10

"4

856 4.6 ! 10
"4 4.3 ! 10

"4

(B)
Mazin et al. (1991) E. coli AB1157pBR327 derivatives 42 52 4.7 ! 10

"6 4.2 ! 10
"5

21 40 2.1 ! 10
"8 3.5 ! 10

"6

Dianov et al. (1991) E. coli AB1157pBR327 derivatives 401 68 4.8 ! 10
"4 5.0 ! 10

"4

165 44 1.7 ! 10
"4 3.4 ! 10

"4
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bootstrap resampling technique (with replacement). If the confidence
interval (95%) of the parameter estimate included zero, the latter was re-
garded as non-significant.

Graphs of calculated versus experimental recombination frequency
were constructed assuming a maximum of ±5-fold variation in the pre-
dicted values of recombination frequency. Goodness of fit to data was
both evaluated according with the root mean square error (RMSE) param-
eter and with the corrected Akaike’s information criteria (AICC) (Burnham
and Anderson, 2002):

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
RSS

N " K

r
ð1Þ

AICC ¼ N & ln RSS
N

" #
þ 2K & 1 þ K þ 1

N " K " 1

" #
ð2Þ

where N is the number of data points, RSS is the residual sum of squares
and K is the number of parameters in the model. The AICC accounts for the
number of parameters being fit thus allowing the direct comparison of

complex models with more simplistic ones (regardless of whether the
models being compared are nested). The model giving the least positive
AICC value is usually considered the best one. The fold difference in like-
lihood between models can be determined by computing a likelihood ra-
tio (LR):

LR ¼ 1
e"0:5&jDAICC j

ð3Þ

where DAICC is the difference between two AICC values. A ratio of two
means that the model giving the least positive AICC value, is 2-fold more
likely than the model presenting the higher AICC.

3. Results

In order to develop a predictive tool, the literature was
searched for recombination frequency (FR) data in
recA+ and recA" bacterial (E. coli and B. subtilis) strains

Table 1 (continued)

Source Strain/type of replicon LR (bp) LS (bp) FRexp FRcal

Lovett et al. (1993) E. coli AB1157pBR322 derivatives 787 0 3.7 ! 10
"3 6.4 ! 10

"4

Chédin et al. (1994) B. subtilis HVS495pAMb1 derivative 18 15 5.0 ! 10
"6 5.1 ! 10

"6

61 1.1 ! 10
"6 7.9 ! 10

"7

126 6.5 ! 10
"7 2.6 ! 10

"7

142 5.9 ! 10
"7 2.2 ! 10

"7

230 3.1 ! 10
"7 1.0 ! 10

"7

230 3.7 ! 10
"7 1.0 ! 10

"7

286 1.3 ! 10
"7 7.4 ! 10

"8

320 3.6 ! 10
"8 6.2 ! 10

"8

320 8.6 ! 10
"8 6.2 ! 10

"8

496 3.8 ! 10
"8 3.1 ! 10

"8

496 1.1 ! 10
"8 3.1 ! 10

"8

686 2.6 ! 10
"8 1.8 ! 10

"8

686 3.3 ! 10
"8 1.8 ! 10

"8

907 1.6 ! 10
"8 1.2 ! 10

"8

907 8.3 ! 10
"9 1.2 ! 10

"8

1083 2.0 ! 10
"8 8.9 ! 10

"9

1083 4.2 ! 10
"9 8.9 ! 10

"9

1285 9.5 ! 10
"9 6.7 ! 10

"9

1285 7.6 ! 10
"9 6.7 ! 10

"9

1536 5.4 ! 10
"9 5.1 ! 10

"9

1875 3.9 ! 10
"9 3.7 ! 10

"9

1875 1.6 ! 10
"9 3.7 ! 10

"9

2295 4.2 ! 10
"9 2.7 ! 10

"9

2295 2.4 ! 10
"9 2.7 ! 10

"9

Bi and Liu (1994)! E. coli RR1pBR322 derivatives 14 0 2.5 ! 10
"5 1.8 ! 10

"5

106 3.6 ! 10
"4 4.2 ! 10

"4

279 6.8 ! 10
"4 5.7 ! 10

"4

287 2.7 ! 10
"4 5.7 ! 10

"4

352 9.6 ! 10
"4 5.9 ! 10

"4

559 5.8 ! 10
"4 6.2 ! 10

"4

606 1.4 ! 10
"3 6.3 ! 10

"4

856 1.5 ! 10
"3 6.4 ! 10

"4

30 3872 2.3 ! 10
"7 2.3 ! 10

"7

106 3.7 ! 10
"6 7.1 ! 10

"5

352 9.4 ! 10
"4 3.5 ! 10

"4

559 1.5 ! 10
"3 4.4 ! 10

"4

606 9.1 ! 10
"4 4.6 ! 10

"4

352 100 8.1 ! 10
"4 4.6 ! 10

"4

398 3.5 ! 10
"4 4.2 ! 10

"4

2668 3.4 ! 10
"4 3.6 ! 10

"4

559 100 5.9 ! 10
"4 5.4 ! 10

"4

398 3.0 ! 10
"4 5.0 ! 10

"4

2668 8.2 ! 10
"4 4.5 ! 10

"4

Lovett et al. (1994) E. coli AB1157 d(srlR-recA)304pBR322 derivatives 101 0 9.7 ! 10
"4 4.1 ! 10

"4

The LS values only represent the spacer length and do not include one copy of the repeat.
Data is divided into recA" strains (A) and recA+strains (B).

" FRexp values were taken from Fig. 3 of the cited work.
! FRexp values were taken from Figs. 3, 6 and 8 of the cited work.
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harbouring multicopy plasmids with directly repeated se-
quences of varying length (LR) and spacer distance between
repeats (LS). Although the data gathered (Table 1) was from
two distantly related bacteria, it was found to be well de-
scribed by a general function of the type:

FR ðLR; LSÞ ¼ ðA þ LSÞ
" a

LR & LR

1 þ B & LR þ C & LS
ð4Þ

where A, B, C, and a are constants.
Development of Eq. (4) was made using prior knowl-

edge available on the trend of the dependence of recom-
bination frequency on repeat length and on intervening
sequence distance. In fact, from the results presented
by Bi and Liu (1996a), FR should increase with repeat
length for low values of LR, but stabilize for higher val-
ues, justifying the use of a term like the last one on
the right-hand side of Eq. (4). On the other hand, plotting
FR as a function of LS, at constant LR, shows that a power-
law dependence represents adequately the influence of LS

on FR, in accordance with the quasi-exponential depen-
dence described by Chédin and co-workers (Chédin et
al., 1994). Table 2 summarizes several functions analysed
during our study. All of these equations share approxi-
mately the same general tendency with LR and LS, but
differ in the number of fitting parameters used. Both
the root mean square error (RMSE) parameter and the
corrected Akaike’s information criteria (AICC) were used
for model comparison in terms of goodness of fit to data
and also in terms of the number of fitting parameters
used. The first attempts made to derive a suitable equa-
tion, assumed that the influence of LR and LS were sepa-
rable, and therefore, separate products of terms involving
LR and LS were tested (Table 2, Equation A). When fitted
to the experimental data, this equation led to the worst
results both in terms of RMSE and AICC, indicating that
a significant interaction between the two parameters ex-
ists, as it is likely to occur. This was particularly the case
for the power-law dependence of FR in relation to LS,
where the exponent is clearly dependent on LR (Bi and
Liu, 1994). Therefore, we were able to greatly improve
the overall fitness by including LR on the exponential de-
cay term (Table 2, Equation B) and also, in a subsequent
step, by including a linear dependence of LS in the
denominator of the equation (Table 2, Equation D). This
linear term was found to be non-significant when
describing data from recA+ strains (compare RMSE and
AICC values for Eqs. B and D). The addition of an extra

parameter D on the right-hand side numerator of the
equation did not improve the overall fitness of the model
(Table 1, Equation C). All this information taken into ac-
count led to the development of two major equations (D
and B, respectively, for recA" and recA+ backgrounds),
whose general form is in accordance with a hyperbolic-
like dependence of FR on LR and a combined exponen-
tial-linear decay of FR versus LS.

Table 3 summarizes the parameters determined by
least squares regression, together with 95% confidence
intervals estimated by bootstrap analysis for these two
equations. The differences observed in terms of presence/
absence of the C parameter in both genotypes are likely
to be related with the fact that recA-independent recombi-
nation is much more sensitive to the distance between the
repeats than recA-dependent recombination is.

As seen in Table 1 and also from the parity graphs (Fig.
1), the proposed equations were found to describe with
high goodness-of-fit the experimental values, as more
than 92% of the predictive values were within a pre-
established ±5-fold deviation interval from experimental
data. Fig. 2 depicts FR as a function of LR or LS for recA"

(A and B) and recA+ strains (C and D) as predicted by
the two equations. For both strains, FR increases rapidly
for low values of LR (<200 bp), and stabilizes for higher
values, as observed in the literature (Bi and Liu, 1994;
Bi and Liu, 1996a). For higher values of LR and for recA+

strains, FR tends to a limiting value close to 10"3 indepen-
dently of the value of LS. On the other hand, increasing
the spacer sequence decreases FR. This decrease is globally
more pronounced for recA" strains, especially if LR is not
too low. This high influence of LS on FR in recA" strains
is particularly relevant for low values of LS (<1000 bp),
reason why, as mentioned before, the C value was found
to be significant in recA" strains.

Symbols in Fig. 2 depict experimental data correspond-
ing to sets of values with the same LS or LR values and show
that the trend is the same as that predicted using the

Table 2
Summary of the several equations tested and respective goodness of fit to data given by the root mean square error (RMSE) and corrected Akaike’s information
criterion (AICC)

Equation General formula K recA" strains recA+ strains

N AICC LR RMSE N AICC LR RMSE

A FRðLR ; LSÞ ¼ ðA þ LSÞ"a & LR
1þ B&LR

3 39 1.74 7.55 ! 1014 0.977 49 64.0 1.22 ! 1028 1.85

B FRðLR ; LSÞ ¼ ðA þ LSÞ
" a

LR & LR
1þ B&LR

3 39 "25.3 1.01 ! 109 0.690 49 "65.4 1 0.495

C FRðLR ; LSÞ ¼ ðA þ LSÞ
" a

LR & D&LR
1þ B&LR þ C&LS

5 39 "64.5 3.17 0.403 49 "60.4 11.9 0.505

D FRðLR ; LSÞ ¼ ðA þ LSÞ
" a

LR & LR
1þ B&LR þ C&LS

4 39 "66.8 1 0.399 49 "63.1 3.18 0.499

Likelihood ratio (LR) values shown are given in comparison to the equations that best fitted the data (Equation D for recA" strains and Equation B for recA+

strains). Parameters N and K, respectively, indicate the number of data points and number of parameters in the model.

Table 3
Eq. (4) parameters and confidence intervals (95%) calculated by bootstrap
analysis for recA+ and recA" strains

Parameter recA" strains recA+ strains

A 200.4 ± 14.1 5.8 ± 0.4
B 2163.0 ± 51.2 1465.6 ± 50.0
C 14438.6 ± 582.7 —
a 8.8 ± 0.1 29.0 ± 0.1
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equations developed in this work. Also shown as grey
circles, in Fig. 2D, are the predictions for LR = 18 and
15 < LS < 2295 bp using the correlation obtained by Rocha,

2003. Although our equations have been developed on
the basis of a larger amount of data from different bacteria
and different replicons, it was nevertheless interesting to
note that we were able to get approximately the same
goodness of fit (AICC = "55.1) when comparing with the
previously published correlation (AICC = "55.4) in the
same space (LR = 18 and 15 < LS < 2295 bp). The estimated
likelihood ratio for both equations was 1.18.

4. Discussion

In this meta-analysis, two analogous mathematical
functions are presented to correlate the recombination
frequency in bacterial pDNA containing directly repeated
sequences with repeat length and intervening sequence
distance. The experimental data from which these models
were derived, was obtained from recA" and recA+ E. coli and
B. subtillis strains harbouring multicopy plasmids.
Although available, published data concerning deletion fre-
quencies between direct repeats in bacteriophage T7
(Pierce et al., 1991; Scearce et al., 1991) were not consid-
ered for model development. This decision was based on
the fact that considerable discrepancies exist between
deletion frequencies in T7 and bacterial DNA. This could
be related with the fact that deletion–formation might be
differentially affected by the T7 own replication and
recombination enzymes in comparison with the bacterial
ones. All the data used for the development of our equa-

Fig. 1. Graphical comparison between FRexp and FRcal (open circles) for
recA" (A) and recA+ (B) strains. A ±5-fold interval of deviation from
experimental data was considered (shown as dashed lines). Full line is the
line of identity.

Fig. 2. FR as a function of LR (LS) for fix values of LS (LR) and for recA" (A and B) or recA+ (C and D) strains. Lines correspond to Eqs. (D and B) from Table 2
(respectively, for recA" and recA+ strains) and symbols correspond to experimental data for LS = 0 or LR = 352 bp (e) and LS = 3872 or LR = 18 bp (h). Globally,
the trend of the experimental data points is the same as that predicted using the respective equations. Also shown as grey circles (D), are the predicted
values for LR = 18 and 15 < LS < 2295 bp using the correlation previously obtained by Rocha (2003).
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tions refers to plasmids harbouring fully identical directly
repeated sequences. This is particularly important because
sequence composition and similarity are known to influ-
ence homologous recombination (Eckert and Yan, 2000)
and thus, recombination frequency.

Although we have focused our attention on deletion fre-
quencies in recA" and recA+ strains, considerable deviations
to the proposed equation should be expected when other re-
combinant-deficient strains are used. As an example, recB
and recC mutations have been shown to stimulate deletion
formation in a recA" background increasing it 6- to 8.5-fold
irrespective of repeat length (Mazin et al., 1991).

Recombination frequency depends on the ability of a
recombinant molecule to give rise to heterodimeric forms
and on the ability of the latter to replace the parental mole-
cules (Bierne et al., 1995; Chédin et al., 1997; Mazin et al.,
1996). However, as pointed out by Chédin et al. (1997),
‘‘real” recombination frequencies (measured under condi-
tions where plasmid interaction was abolished), can
be 4–500-fold higher than ‘‘apparent” recombination
frequencies. Also, ‘‘apparent” recombination frequencies
decreased about 50-fold as plasmid copy number increased
from approximately 2–120 copies (Chédin et al., 1997).
Given the fact that most of the published recombination fre-
quencies are indeed ‘‘apparent”, care should be taken in the
predictive outcomes of the equations here developed when
applied to replicons with a significantly different plasmid
copy number from the ones in which they were based.
Although there is some inaccuracy inherent to mutation fre-
quency determination, this biological discrepancy between
‘‘real” and ‘‘apparent” recombination frequencies was the
main reason that led us to consider a large error interval
in our model.

The influence of the simultaneous presence of direct
and inverted repeats on recombination frequency was
also not taken into account. Previous studies have shown
that the presence of inverted repeats in B. subtilis plas-
mids enhance the deletion frequency approximately
1000-fold, when direct-repeat length varies between 9
and 27 bp (Peeters et al., 1988). Unfortunately, published
data regarding plasmid recombination mediated by in-
verted repeats in bacteria is scarce, (Bi and Liu, 1996b;
Lin et al., 2001; Peeters et al., 1988; Sinden et al., 1991),
and for this reason we were not able to perform an iden-
tical analysis. Nevertheless, Bi and Liu (1996b) have ob-
served an exponential decrease in recombination
frequency, when pBR322-derived plasmids harbouring
352 bp inverted repeats separated by spacer sequences
ranging from 751 to 4523 bp were harboured in a recA"

E. coli strain.
It is known that for repeats of very short length (<30–

40 bp), homologous recombination proceeds exclusively
through the recA-independent pathway (even in recA+

strains). Even so, the equation derived in this work for
recA+ backgrounds, can still be used for these small LR val-
ues, as its predictions closely match the ones obtained with
the equation derived for recA" backgrounds (see Table 1).

Interestingly, we found that predictions performed by
the recA+ derivative of Eq. (4) closely matched (data not
shown) recombination frequency values calculated for B.
subtilis chromosome harbouring direct repeats (Chédin et

al., 1994), suggesting that, its applicability might be useful
for other systems beside multicopy plasmids. A similar
dependence of FR on LR and LS has also been recently reported
in the genome of Acinetobacter baylyi (Gore et al., 2006).

Although this study does not provide a mechanistic
interpretation on the physics of these recombination
events, its simple statistical nature provides valuable and
fairly accurate predictions that might be useful in similar
systems.
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