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ARTICLE INFO ABSTRACT
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It was demonstrated that the tetracycline resistance plasmid in Escherichia coli resembling K-12 23:06
containing the E. coli plasmid DM0133 could be transferred to tetracycline sensitive E. coli K-12 MG1655
YFP. The sensitive recipient strain has a slight metabolic advantage in continuous fermentation in
absence of tetracycline pressure and as a result the numbers of the resistant recipient strain increase
during fermentation. In presence of tetracycline pressure the sensitive strain is eliminated, but when it
acquires tetracycline resistance the strain has still the same metabolic advantage as its sensitive parent
strain in absence of tetracycline. Here a model will be shown that could explain the rate of trans-
formation of a sensitive into a resistant recipient strain and its subsequent growth during continuous
fermentation. According to the model the probability of formation of mutants would be much higher at
the dilution rate of 0.09 compared to 0.28, whereas the growth of mutants would be much faster at high
dilution rate. The growth model shows how the recipient mutants and the donor cells behave in relation
to the dilution rate and the number of mutants. Apart from a deterministic model describing the growth
rate of both the donor strain and the resistant recipient strain a stochastic model was developed that is
particularly useful when low numbers of mutants are formed.
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1. Introduction

In quantitative microbiological risk assessment (QMRA) the
contamination level of all relevant pathogens of raw materials is
considered, but resistance to antibiotics, caused by the abundant
use of antibiotics in animal husbandry, is often ignored. The prin-
ciple concern is that the use of antibiotics in food animals will select
for resistance to these agents in zoonotic intestinal bacteria and, via
food-borne transmission an infection in human beings will develop
that is untreatable (Van et al., 2007, 2008). Schuurmans et al. (2014)
have chosen apathogenic Escherichia coli K-12 strains as model
organisms as they are closely related to many relevant food borne
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pathogens. Indeed they showed in continuous cultures that transfer
of tetracycline resistance could occur when the fermenters were
inoculated with one tetracycline resistant and one tetracycline
sensitive strain of E. coli. Here we show a possible way to quantify
the emergence of resistant transformants.

2. Materials and methods

Bacterial strains, growth media and growth conditions have
been described by Schuurmans et al. (2014). A brief outline of the
materials and methods is presented here. E. coli K-12 23:06 isolated
from broilers and containing plasmid DM0133 coding for tetracy-
cline resistance and E. coli MG1655/YFP/chloramphenicol were
used as donor and recipient respectively. Neither strain contains
the lipopolysaccharide (LPS) O side-chain that inhibits transfer by F
plasmids.
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A continuous cultivation system (Sixfors; Infors HT, Bottmingen,
Switzerland) was used with a working volume of 320 ml; the cul-
tures were stirred at 200 rpm. Cell density was around 10° ml~!
depending on strain and culture conditions. The maximum growth
rates of donor strain and the recipient strain was 0.69 h™! and
0.70 h~! respectively, but the donor strain had a higher specific
glucose consumption: 9.3 mmol g dryweight™! h~! wvs.
6.8 mmol g dryweight™! h™! for the recipient strain at a dilution
rate of 0.28, which at steady state equals the specific growth rate (u)
of 028 h™1. At D = 0.09 the specific glucose consumption was
1.69 mmol g dryweight=! h~! vs. to 1.46 mmol g dryweight ! h~!
for the donor strain and recipient strain respectively. For selection
of antibiotic resistance LB plates containing 2% agar with addition
of 64 mg 17! tetracycline and/or 34 mg 1-' chloramphenicol for
selection of single and double resistant cells. 10 cells ml~! were
considered as the detection limit which corresponds to 3200 cells
in the fermenter.

3. Development of a deterministic model
3.1. Probability of plasmid transfer

All experimental details have been described by Schuurmans
et al. (2014). The dilution rates in the chemostat experiments
were either 0.09 h~! or 0.28 h~'. The initial concentration of
tetracycline in the fermenter was 0 mg 1=}, 32 mg 1! or 64 mg 1=,
All fermenters were inoculated with 160 ml suspensions of the
resistant donor strain (E. coli K-12 23:06 tet Res) and 160 ml of the
sensitive recipient strain (E. coli K-12 MG1655), each suspension
containing 10° cells ml~L. When the initial tetracycline concentra-
tion was 0 mg 1! the fermenter was fed either with medium
without tetracycline (‘no pressure’) or with medium containing
64 mg 1! tetracycline (‘low pressure’); at the initial concentrations
of 32 mg 1-! or of 64 mg 1! tetracycline the fermenters were fed
with medium containing 64 mg 1-! (‘medium pressure’ or ‘high
pressure’).

The increase of tetracycline concentration could be described
by:

[Ter] = |Tefei] *(exp(~D*)) + |Tega] *(1 — exp(~D*1)) (1)

where: [T] = tetracycline concentration (mg 1-!) in the fermenter
at time t, [Teri] = initial concentration in fermenter,
[Tefeed] = tetracycline concentration (mg 1°!) of the feed,
D = dilution rate, t = time (h). The fate of the tetracycline sensitive
strain in presence of tetracycline is not exactly known, but it is
assumed that it would not grow nor die when the tetracycline
concentration is well above the MIC value (4—8 mg 1), as tetra-
cycline is bacteriostatic rather than bactericidal. In other words the
sensitive strains are then considered as inert particles. Hence the
culture is expected to be washed out from start under medium or
high tetracycline pressure. When low tetracycline pressure is
applied the concentration of tetracycline is above the MIC value
within 15—30 min according to Equation (1) and as a consequence
the culture is washed out as well. The sensitive strain would be
washed out at the dilution rate according to:

Ne = No*exp(~D*t) 2)

where: Ny = the number of cells of the sensitive strain at time t,
Ng = the initial number of the sensitive recipient strain and D the
dilution rate. This situation is shown in Figs. 1.1 and 1.2. When no
tetracycline is present a different situation arises as shown in
Figs. 2.1 and 2.2 according to the differential Equations (6)—(8).

Schuurmans et al. (2014) show that the probability of detectable
numbers of transformants is highest at medium pressures. Indeed
Canton and Morosin (2011) showed that there is a mutant selection
window of antibiotic concentrations below or above which muta-
tion to antibiotic resistance is more difficult. It will be expected that
transfer of tetracycline resistance is dependent on the contact time
between donor strain and recipient strain. Figs. 1.1, 1.2, 2.1 and 2.2
show clearly that the contact time between donor strain and
recipient strain is dependent on the dilution rate and hence the
probability of plasmid transfer is expected to be higher at D = 0.09
than at D = 0.28. Although the contact time between the donor
strain and the recipient strain is long when no tetracycline is pre-
sent, it is not sure that in the absence of tetracycline pressure sig-
nificant transfer of plasmids takes place. Also the number of newly
formed resistant cells may remain far below the detection limit
because resistant mutants have no specific advantage over the
sensitive parent strain in the chemostat in absence of tetracycline.

3.2. Estimation of growth rate

In our experiments the donor strain, E. coli (K-12 23:06 Tet Res)
was in steady state either at a dilution rate of 0.28 h™! or at a
dilution rate of 0.09 h~L From chemostat theory it follows that
under these conditions the growth rate pgonor €quals the dilution
rate D and is by definition 0.28 h™! or 0.09 h™, respectively. The
growth rate in steady state can be described by the classical Monod
equation:

Hdonor = umax,donor(([sdonor])/([Sdonor} Jst,donor)) (3)

where: pdonor 1S the growth rate of donor cells, tmaxdonor the
maximum growth rate, [Sqonor] the limiting substrate concentration
and K; donor the saturation coefficient. Equation (3) can be rewritten
as

Ks,donor = ([Sdonor] (“max,donor - udonor))/“donor (4)

When donor aNd fimax,donor are known, the ratio [Saonor]/Ks,donor
can be calculated. [Sgonor] itself is not known. However, if [S] is
assumed to be 1 the ‘relative’ saturation coefficient Ksdonor can be
calculated.

By substituting [Sdonor], #max,donor Mdonor for 1, 0.69 h~! and
0.28 h™! respectively, Ks,donor = 1.46 which is now designated as
K donor0.28- [Sdonor] is now be designated as [Sdonoro.28] or later when
relevant as [Sdonor0.09]-

The specific glucose consumption (q) of the donor strain
(qdonoro.28) and of the recipient strain (qrecipiento.28) was determined

80 1 - 1.2
_ -1
3 g
g - 08 2
o g — L
£ L 06 =
2 5 —w
S
g [ 04 8  ——-hp
2 o«
F 0.2 eeeees fract 009
0

0 15 30 45 60 75

time (h)
Fig. 1.1. The increase of the concentration of tetracycline in the fermenter when fed
with medium containing 64 mg 1-! and the expected decrease of tetracycline sensitive
cells at high pressure. D = 0.09. LP = low pressure, initial concentration in fermenter
0 mg 17! tetracycline; MP = medium pressure, initial concentration 32 mg I°';

HP = high pressure, initial concentration = 64 mg 1. fract 0.09 = predicted fate of
tetracycline sensitive cells when D = 0.09.
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Fig. 1.2. The increase of the concentration of tetracycline in the fermenter when fed
with medium containing 64 mg 1-! and the expected decrease of tetracycline sensitive
cells at high pressure. D = 0.28. LP = low pressure, initial concentration in fermenter
0 mg 1! tetracycline; MP, medium pressure = initial concentration 32 mg 1-'; HP, high
pressure = initial concentration = 64 mg =", fract 0.28 = predicted fate of tetracycline
sensitive cells when D = 0.28.

as  Qdonoro2s = 9.3 mmol g dryweight™! h™! and
(recipiento.28 = 6.8 mmol g dryweight~! h™! respectively (see also
Schuurmans et al,, 2014). It should be mentioned that the two
strains described here are closely related and the main difference is
the efficiency of glucose consumption. It is assumed that Grecipient
(Grecipiento28 OT (recipiento.09) i unaffected when the sensitive
recipient strain has become resistant to tetracycline.

The relation between yield (Y) and (q) is given by the equation:

Y = p/q (5)

Yield is mostly expressed in biomass, but for our Kkinetic
modelling and simulation it is assumed that cells had always the
same size and hence biomass could also relate to cell numbers.
When the recipient strain would be in steady state at D = 0.28 h™,
Yrecipient0.28/Ydonoro.28 Would be 9.3 mmol g drywaght*1 hi]/
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Fig. 2.1. Predicted behaviour of tetracycline resistant donor strain and tetracycline
resistant strain without tetracycline pressure at D = 0.09.
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Fig. 2.2. Predicted behaviour of tetracycline resistant donor strain and tetracycline
resistant strain without tetracycline pressure at D = 0.28.

6.8 mmol g dryweight™! h™' = 1.37. Compared to the limiting
substrate concentration of the donor strain, [Sqonoro.28], arbitrarily
assumed as 1, the corresponding limiting substrate concentration
of the recipient strain [Srecipiento.28] per cell is 1/1.37 = 0.73. By
substituting the values u = 0.28, imax = 0.7 and [Secipiento.28] into
Equation (3) the corresponding ‘relative’ K recipiento.28 compared to
that of the donor strain could be calculated as 1.10. Initially the
donor strain is in steady state, and the number of transformants of
the recipient strain (E. coli MG1655 YFP Tet res) is that small that
the donor strain can be considered as being still in steady state. It
means that the relative substrate concentration per cell is still 1
both for the donor strain and recipient strain. However, 1 is not the
limiting substrate concentration for the recipient strain in steady
state at a dilution rate of 0.28. Assuming that Kj recipient0.28 and fmax
are still 1.10 and 0.70 respectively, the corresponding growth rate of
the recipient strain in steady state would be 0.33 if [S] = 1.

In a similar way the K values of both strains was estimated for
D = 0.09. The specific glucose consumption rates for (q) of the
donor strain (qdonor0.09) and of the recipient strain (qrecipient0.0.09)
was determined as 1.69 mmol g dryweight™! h~! and
1.46 mmol g dryweight-! h™! respectively (Schuurmans et al.,
2014). Initially [S] was again assumed to be 1. By substituting [S],
Umaxdonors Mdonor for 1, 0.69 and 0.09 respectively a ‘relative’
Ks,donoro.0s = 6.67 was generated. The relative K ecipiento.09 Was
calculated as 5.86. These values can in principle be used for the
correct calculation of the behaviour of the donor strain and the
recipient strain at D = 0.09 as only the ratio [S]/Ks; matters. However,
it is confusing that the same — although arbitrary — value for the
concentration of limiting substrate is chosen for both dilution rates
as in reality they cannot be the same. On the other hand, the values
of K; should be constant or would not differ much at different
dilution rates. Therefore it was assumed that K; donoro.09 Was iden-
tical to Ksdonoro.2s, Which is 1.46. To keep the ratio [Sdonor0.09]/Kdo-
nor0,09 constant, both [S]donoro.09 and Ks donoro.09 were multiplied by
the same factor, 1.46/6.67 = 0.22. From Equation (4) it followed that
Ks donoro.28 Was 1.46. As a result the arbitrary values for [S]donoro.09
and K donoro.09 are now changed to 0.22 and 1.46, respectively. It
should be noticed that the ratio [S]donor0.09/Ks donoro.00 remains the
same and has no consequence for the estimation of grecipiento.09. The
q values at 0.09 for the donor strain and the recipient strain were
determined as 169 mmol g dryweight! h™' and
1.46 mmol g dryweight~! h~. Following the same procedure as for
D = 0.28, K recipiento.09 and the initial growth rate, precipiento.00 were
calculated to be 1.29 and 0.102 respectively.

The behaviour of the donor strain and the resistant recipient
strain can be described by a set of ordinary differential equations as
commonly applied to predator prey dynamics (e.g. Tirok et al.,
2011)

dYy
% = Mmax,donorm Ydonor - Dydonor (6)
dYreci ient,s
+ = _'YYdonorYrecipient,s - Dyrecipient,s (7)
dyrecipient,r —u S Y
LA o LU recipientr—————= ipient,

dr max,recipien Ks‘,recipient + § recipient,r

+ 'YYdonorYrecipienLS - Dyrecipient.r (8)

where Ygonor is the number of donor cells, Yrecipients the number of
sensitive recipients, Yreciptenty the number of resistant recipients,
Mmax,donor the maximum growth rate of donor cells, timax recipient, the
maximum growth rate of resistant recipient cells, Ks donor Ks recipient»
S the limiting substrate concentration, y the rate constant for
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Fig. 3.1. Predicted behaviour of donor strain, sensitive recipient strain and trans-
formant depending on the number of transformants at D = 0.28. The sensitive recip-
ient strains are given in dotted black lines; the donor strains are given in grey lines and
the resistant recipient strains in drawn black lines. The highest level of the resistant
recipient strain corresponds to the lowest level of the donor strain.

plasmid transfer and D the dilution rate. The plasmid transfer rate is
described by mass action kinetics. It is noteworthy that it can be
expected that the growth rate of both the donor strain and the
recipient strain remains practically the constant in the continuous
fermenter as long as the number of recipient cells is well below that
of the donor strain (<0.01).

In Fig. 3.1 and 3.2 the predictions are shown. The model shows
clearly that the increase of the resistant recipient strain proceeds at
constant exponential growth rate till the numbers of the recipient
strain attain about 1% of the numbers of the donor strain. At the
same time the steady state of the donor strain is lost. It should be
kept in mind that when the resistant recipient strain has taken over
the culture for about 99% the growth rate of the recipient strain is
practically in steady state and the growth rate of the donor strain
will be constant again although lower than the dilution rate and
hence the cells of this strain will be washed out. Besides the model
shows that the probability of transformation of the sensitive

cell count #

0 500 1000 1500 2000 2500 3000 3500 4000 4500
time [h]

Fig. 3.2. Predicted behaviour of donor strain, sensitive recipient strain and trans-
formant depending on the number of transformants at D = 0.09. The sensitive recip-
ient strains are given in dotted black lines; the donor strains are given in grey lines and
the resistant recipient strains in drawn black lines. The highest level of the resistant
recipient strain corresponds to the lowest level of the donor strain.
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recipient strain to a resistant strain is extremely small i.e. 107 19—
1024 (see also supplementary data).

4. Development of a stochastic model

A problem arises when low numbers of cells of the resistant
recipient strains are formed. The deterministic model described
above predicts the average number to be expected, but not the
variability. The problem is particularly relevant when low numbers
of transformants are formed as there is a significant probability that
low numbers are washed out. To estimate this variance the prob-
ability of growth vs wash out was estimated as follows:

There is a direct relation between growth rate and generation
time according to:

In@2)/n =t 9)

where p is the growth rate (h~!) and tg is the generation time (h).
After one generation time the cell will double but there is also a
probability of being washed out. This probability can be calculated
as follows:
The probability of not being washed out after one generation
time (tg) can be described as:

P(not washed out) = eXp(_D*tg) (10)

where D is the dilution rate (h~!) and tg is the generation time (h).
Hence the probability of being washed out will be:

1- P(not washed out) = 1-— eXp(_D*tg) (11)

If the dilution rate is equal to u as is the case when the culture is
in steady state, the probability of a cell being washed out after a
time equal to the generation time is 0.5 and a probability of 0.5 of
not being washed out but doubled. In other words the number of
cells will remain constant. If u < D cells the probability of being
washed out is larger than the probability of doubling and eventu-
ally all cells will be washed out. If ¢ > D the probability of being
washed out at a time t; < 0.5 and the probability of being doubled
at that time >0.5. After a few generations a complicated distribu-
tion arises that cannot be solved analytically but only estimated by
Monte Carlo simulations. In Table 1 a comparison is shown between
the expected values by the deterministic model and the stochastic
model. Interestingly, they are quite close to each other.

All results of the simulations could be fitted as normal distri-
butions, but they were in most cases either truncated or skewed
distributions. A general way of curve fitting was obtained by linear
transformations, followed by a square root transformation. To treat
all distributions in a uniform way the transformations were con-
ducted as follows: The original distributions were tentatively
assumed to be normal, although in fact most distributions are
skewed. When the mode is >0 the distributions were considered as
truncated normal distributions. The mode was assumed to be the
mean of the truncated distribution or the skewed distribution. The
difference corresponding to the difference between 0.84 and 0.5

Table 1

Numbers predicted by the deterministic model and the mean number predicted by
the stochastic model (D = 0.28).

Ntransformants Ngenerations Ndeterministic Nstochastic
1 11 2 2.1

1 70 147 128

2 11 43 4.4

10 11 22 20

100 11 217 216
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Table 2
Parameters calculated for the secondary model predicting the mean of the distri-
butions related to the number of transformants and number of generations.

Parameters Estimate Lower 95% Upper 95%
A 1.125 0.95 1.299
B 0.026 0.021 0.031
C 0.114 0.107 0.1212
40
30 A y = 0.9923x
E R?=0.9889
o
5 20 1
o
S
10 A
0 T T T ]
0 10 20 30 40

observed

Fig. 4.1. Observed vs. predicted square root transformed means of normal distribu-
tions related to numbers of transformations and number of generations at D = 0.09.

8 =
6 4 y = 0.9886x
E R2=0.9884
S
9}
5
2 -
0 T T T T J
0 2 4 6 8 10
observed

Fig. 4.2. Observed vs. predicted square root transformed standard deviations of
normal distributions related to numbers of transformations and number of generations
at D = 0.09.

was assumed as the standard deviation. Twice this standard devi-
ation was subtracted from the mean (mode). A transformation is
conducted by adding the absolute value of the thus obtained
number when this number was below zero or subtracted when it
was above zero. Now these linearly transformed data were again
modified by a square root transformation. The transformed data
followed almost always very well a normal distribution and also the
fit was always very good after back transformation compared to the
original values as were generated by the Monte Carlo estimation. A
problem arises when the number of transformants is <3. According
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Fig. 5.1. Probability of washing out all mutants as a function of initial numbers of
transformants formed and number of subsequent generations at D = 0.09.
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Fig. 5.2. Probability of washing out all mutants as a function of initial numbers of
transformants formed and number of subsequent generations at D = 0.28.
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Fig. 6.1. Sample of prediction of distribution from the secondary model. Dilution rate
0.09, initially 10 transformants followed 30 generations.
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Fig. 6.2. Sample of prediction of distribution from the secondary model. Dilution rate
0.09, initially 30 transformants followed by 10 generations.

to the same procedure a good fit can be obtained but the mode of
these values is <zero and more negative after more generations. In
all other cases an excellent fit was obtained even after all trans-
formations back to the original figures. As an example a secondary
model was generated for the expected distributions estimated by
the Monte Carlo simulation for different transformants and

O observed

frequency

—predicted

0 200 400 600
number of cells

Fig. 6.3. Sample of prediction of distribution from the secondary model. Dilution rate
0.09, initially 5 transformants followed by 20 generations.



194 J.P. Smelt et al. / Food Microbiology 45 (2015) 189—194

Table 3

Minimum days needed for detection of transformants. Experimental results vs model predictions.

Plasmid transfers Experimental detection

time (days)

Fraction of results*)

Fraction of wash outs Detectable numbers (>3200 cells)

1 6.2 +/-
2 5.7 +/NT
3 5.4 +INT
5 5.0 +/NT
7 48 +/NT
10 45 —INT
20 3.9 —INT
50 3.2 +/+
200 2 |+
1000 0.9 —-

0.8 0.17
0.63 0.28
0.5 0.32
0.35 0.35
0.22 0.37
0.12 0.4
0.013 0.4
<0.0001 0.42
<0.0001 0.42
<0.0001 0.42

different generations all at D = 0.09 h™". Similar relations could also
be generated for estimates for D = 0.28 h~', but are not shown here.
The relation between p of the transformed distributions and
number of transformants and the number of generations could be
described by:

sqrt (utransformed) = a+bxy 4+ cx; (12)

where Utransformed = the p of the transformed data as described
above, a, b and c the parameters to be estimated and x; number of
transformants formed before growth and x, the number of gener-
ations. a, b and ¢ were the parameters to be calculated by linear
regression as 1.124, 0.025 and 0.1145 respectively (See also Table 2).
It should be noticed that these parameters have no biological
meaning. However, as the fit is very good in most instances the
distribution can be estimated in generally used programmes such
as Excel without conducting time consuming Monte Carlo
simulations.

Although the standard deviation is dependent on the number of
transformants and the number of generations the variation coeffi-
cient is always constant as could be shown by linear regression as
the regression values did not deviate significantly from 0. The
observed vs simulated values of the square root transformed data is
shown in Fig. 4.1 and 4.2. Even when all values of the secondary
model were transformed back to the original values the prediction
is still very good. Thus a tool is available to predict the number of
zero results and the fraction above a certain number. At a given
detection limit (e.g. 3200) the probability of reaching that limit can
be calculated from the distributions. Figs. 5.1 and 5.2 show the ef-
fect of number of mutants and the number of generations on the
probability of wash out. Fig. 6.1, 6.2and 6.3 show 3 random samples
of all fitted curves, 5 cells, 20 generations, 30 cells 10 generations
and 10 cells 30 generations respectively. Table 3 shows model
predictions and results observed by Schuurmans et al. (2014).

5. Discussion

Here an attempt has been presented to quantify the probability
of emergence of a tetracycline resistant strain. Both deterministic

and stochastic approaches were used. While the deterministic
model is a complete model that provides a time resolved descrip-
tion of the behaviour of the donor strain and both the tetracycline
sensitive recipient strain as well as its resistant transformants; the
stochastic model is superior at estimating the likelihood of detec-
tion of transformants. Unfortunately not all data were available to
quantify the behaviour of the tetracycline donor strain, the tetra-
cycline sensitive recipient strain and the tetracycline resistant
recipient strain. The use of fluorescent reporter proteins may be
used in the future to facilitate the identification of the three
different strains. Particularly the fate of the recipient strain under
low or moderate tetracycline pressure is not fully known. Besides,
the model does not include other than described here: e.g. partial
inactivation of tetracycline or phenotypical adaptation of the sen-
sitive strain to tetracycline that would enable a longer residence
time for sensitive strain. The results of the stochastic model will
become less reliable after several generations as small variations in
growth rate of individual cells will interfere with the predictions
(e.g. Schmidt et al., 2012).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.fm.2014.03.019.
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