o

iy

e
Long-term dynamics of catabolic plasmids introduced to a microbial
community in a polluted environment: a mathematical model

Takeshi Miki', Masaya Ueki'?, Zen’ichiro Kawabata? & Norio Yamamura'-?

"Center for Ecological Research, Kyoto University, Otsu, Shiga, Japan; and “Research Institute for Humanity and Nature, Kamigamo, Kita-ku, Kyoto,

Japan

Correspondence: Takeshi Miki, Center for
Ecological Research, Kyoto University, 2-509-
3 Hirano, Otsu, Shiga 520-2113, Japan. Tel.:
+81 77 549 8020; fax: +81 77 549 8201;
e-mail: miki@ecology.kyoto-u.ac.jp

Received 17 July 2006; revised 3 December
2006; accepted 15 May 2007.

DOI:10.1111/).1574-6941.2007.00357.x
Editor: Kornelia Smalla
Keywords

bioaugmentation; horizontal gene transfer;
conjugation; competition; modeling.

Abstract

The long-term dynamics of mobile plasmids in natural environments are unclear.
This is the first study of the long-term dynamics of introduced plasmids with
xenobiotic degradation abilities using a mathematical model that describes the
horizontal gene transfer (HGT) of plasmids into indigenous bacteria via conjuga-
tion. We focussed on negative feedback between the spread of plasmids and their
selective advantage, i.e. the severe competition between plasmid-bearing and
plasmid-free bacteria resulting from a decrease in xenobiotic concentration caused
by the gene expression of plasmids, favoring plasmid-free bacteria. Two types of
HGT enhanced the persistence of plasmids and the degradation of the xenobiotic in
different conditions: a relatively low rate of ‘intergeneric HGT” from introduced to
indigenous bacteria and a high rate of ‘intraindigenous HGT” from indigenous to
indigenous bacteria. In addition, when the indigenous resource supply rate was
high and when the cost of bearing plasmids was low, both types of HGT made large
contributions to xenobiotic degradation compared to the contribution of vertical
transfer via plasmid replication within the introduced host population. Initial
conditions were also important; a higher initial density of introduced plasmid-

bearing bacteria led to a lower degradation rate over a long time scale.

Introduction

Some bacteria have rare genes that allow them to degrade
xenobiotics that are usually resistant to environmental
degradation. These catabolic genes are often located on
mobile plasmids (Top et al., 2002). Therefore, as a bioaug-
mentation strategy, the horizontal transfer of catabolic
plasmids from an introduced donor host into actively
growing indigenous bacteria via conjugation, and the sub-
sequent gene expression have been widely studied since the
early 1990s (Fulthorpe & Wyndham, 1991; Bathe et al.,
2004a, 2005). Most previous studies have focussed on the
conditions required for an initial increase in transconjugants
(for a review see van Elsas & Bailey, 2002): a nonsterile
environment for rapid growth of recipient and donor
bacteria to promote frequent conjugation (Top et al., 1990;
Neilson et al., 1994), a sufficiently high transfer rate per
conjugation (Neilson et al., 1994), a broad host range for
plasmids (Pukall et al., 1996; Bathe et al., 2004b), effective
gene expression in transconjugants (Kinkle et al., 1993), and
a high concentration of the pollutant to create a selective
advantage for plasmid-bearing bacteria over other indigen-
ous bacteria (Top et al., 1998; Hohnstock et al., 2000; de
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Lipthay et al., 2001). These conditions are indicated by the
short-term dynamics of plasmids after the introduction of
extrinsic donor bacteria; the short-term dynamics of plas-
mids result in a decrease in the introduced donor bacteria
and an increase in transconjugants because of competition
and a reduction in the concentration of the xenobiotic (e.g.
Top et al., 1998). However, over the long term, the compe-
titive advantage of plasmid-bearing bacteria decreases with
the spread of plasmids in the bacterial community, because
xenobiotic degradation by plasmid-bearing bacteria indir-
ectly facilitates the growth and survival of plasmid-free
bacteria that are sensitive to xenobiotics. Thus, plasmids in
transconjugants will disappear once the xenobiotic concen-
tration is reduced, if maintenance costs or segregation rate
are high, or if horizontal transfer rate is low (Simonsen,
1991; Bergstrom et al., 2000). Therefore, the successful
spread of transconjugants in short-term experiments does
not ensure a sufficient reduction in xenobiotic concentra-
tion through the long-term maintenance of transconjugants.
Thus, it is necessary to evaluate the long-term dynamics
of introduced plasmids and their effects on the indigenous
bacterial community to predict the final fate of introduced
plasmids in natural environments and determine the
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effective application of bioaugmentation based on conjugal
gene transfer. In particular, we focussed on how long
plasmids are maintained in transconjugants in xenobiotic-
polluted environments, and how effectively plasmid-bearing
bacteria degrade the xenobiotic over the long term.

We also examined the self-transmissibility of plasmids
within different hosts (self-transmissible vs. mobilizable; see
Simonsen, 1991; Hoffmann et al., 1998), i.e. the transfer
range, as an important determinant of the long-term persis-
tence of plasmids. In short-term experiments, the increase in
plasmid-bearing bacteria is mainly attributed to the vertical
transfer of plasmids within the introduced host (i.e. the
replication of plasmids within hosts and partitioning of
copies to their descendants) or the horizontal transfer of
plasmids from the introduced donor host to the indigenous
recipient bacteria, or both. However, after this initial phase,
further increases in transconjugants may also be attributed
to vertical transfer of plasmids within transconjugants and
horizontal transfer from transconjugants to indigenous
recipients. If plasmids in the transconjugants are self-trans-
missible, the transconjugants in turn become donors and
supply plasmids to new recipients. This will enhance the rate
of spread of plasmids in the community (e.g. Dionisio et al.,
2002). The comparison of plasmid dynamics among differ-
ent transfer ranges will clarify the relative importance of
vertical transfer within the original introduced host, hor-
izontal transfer from the introduced host to indigenous
bacteria, and vertical and horizontal transfer within indigen-
ous bacteria in the spread of plasmids.

Here we considered the introduction of a nonindigenous
bacterial host containing catabolic plasmids with genes to
degrade xenobiotics and the subsequent horizontal gene
transfer (HGT) into the indigenous bacterial community in
polluted environments containing indigenous bacteria that
cannot degrade xenobiotics. We used a modeling approach
to investigate the long-term outcome of such a scenario for
two reasons. First, it would be difficult to perform such a
long-term experiment (e.g. 10 years) to monitor the beha-
vior and conditions for the successful spread of plasmids.
Second, mathematical modeling allows the comparison of
multiple scenarios using different values for parameters such
as the plasmid transfer rate and cost of bearing plasmids,
which are important determinants for the successful spread
of plasmids, but are difficult to manipulate experimentally
using current technology. In addition, a modeling approach
is useful to develop experimentally testable predictions and
to suggest directions for future empirical work.

Using the mathematical model, we showed that differ-
ences in plasmid dynamics for different transfer ranges
largely depend on the transfer rate; we investigated how the
relative importance of horizontal and vertical plasmid trans-
fer changes with the rate of gene transfer. In addition, we
investigated the effects of other growth-related traits of
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plasmids (cost of bearing plasmids, segregation rate of
plasmids, and their host range) and various environmental
factors (a growth-limiting resource supply, initial xenobiotic
concentration, xenobiotic degradation rate) on plasmid
dynamics. Thus, we clarified how and under what conditions
conjugal gene transfer contributes to the long-term spread of
introduced genes and the degradation of xenobiotics.

Materials and methods

Model

To model highly diverse natural bacterial communities as
simply as possible, we categorized introduced bacteria (X)
and indigenous bacteria (Y) into five types (Fig. 1): an
introduced plasmid-bearing bacterial strain (xp); an intro-
duced plasmid-free bacterial strain (xg); potential recipient
indigenous plasmid-free bacteria (yg); transconjugant bac-
teria, i.e. indigenous recipients that have received the
plasmid (yp); and nonconjugative groups of bacteria in the
indigenous community (ync), which are not a potential
recipient of focal plasmids. Note that the host range of
plasmids (HR) can be represented by the initial fraction of
potential recipients in indigenous bacteria [HR =yg(0)/
(ye(0)+ync(0)]. This simplified community, which ex-
cludes the diversity and heterogeneity of potential recipients
consisting of multiple species and strains, was a first step in
understanding the long-term dynamics of plasmids in the
natural environment. Note that this model was an expansion
of those of Stewart & Levin (1977) and Levin et al. (1979).
In addition, we examined the dynamics of an indigenous
growth-limiting carbon resource (Nc) and an extrinsic
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Fig. 1. Model flow diagram. X, introduced bacteria; Y, indigenous
bacteria; x;, plasmid-free introduced bacteria; xp plasmid-bearing intro-
duced bacteria; yi plasmid-free indigenous bacteria; yp plasmid-bearing
indigenous bacteria; ync, plasmid-free nonconjugative bacteria; Nyg, the
xenobiotic; Nc, the carbon resource. UP, uptake of the carbon resource;
TX, the toxicity of the xenobiotic on plasmid-free bacteria; DR, degrada-
tion of the xenobiotic; HGT, horizontal gene transfer via conjugation; MT,
mortality of bacteria; SG, segregation of plasmids; RCY, recycle of
bacterial biomass.
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xenobiotic (Nxg) in a batch-like environment. We considered
three main processes: consumption of the growth-limiting
carbon resource by all types of bacteria and degradation of the
xenobiotic by plasmid-bearing bacteria; constant and xenobio-
tic-concentration-dependent bacterial mortality; and horizon-
tal transfer of the catabolic genes on the plasmid via
conjugation. We constructed a simple kinetic model to de-
scribe the interactions and dynamics among the seven compo-
nents (Xp, Xp, Y& ¥p> ¥nc> Nc and Nxg; Fig. 1 and Table 1).

Resource consumption and xenobiotic
degradation

We set the uptake rate of the growth-limiting carbon
resource (N¢) per introduced and indigenous bacterial cell
as axNc and ayNc, respectively, where ok and oy are the
affinity for the carbon resource of the introduced (X) and
indigenous (Y) bacteria, respectively. To simulate the situa-
tion in which introduced bacteria are less competitive than

indigenous bacteria for the indigenous resource, we as-
sumed ox < oy. By contrast, if ax > oy, plasmid-bearing
introduced bacteria have a selective advantage over indigen-
ous bacteria and easily become dominant in the environ-
ment, even without gene transfer to indigenous bacteria.
Thus, we examined the case when oy < oty.

Introduced and indigenous plasmid-bearing bacteria (xp
and yp, respectively) took up and degraded the xenobiotic
(Nxg) at a rate of BNxg, where B is the rate constant of
xenobiotic degradation by introduced and indigenous bac-
teria. The specific growth rates of introduced plasmid-free
(xg) and plasmid-bearing (xp) bacteria were calculated as
pfleocXNc and p71(1 —¢)(1 —s)e(axNc+PBNxp), respec-
tively, where p is the cell carbon content, e is the growth
efficiency, ¢ is the cost of bearing the plasmid, which is
assumed to affect growth efficiency negatively (see also eqns
1 and 2 in Table 2), and s is the loss rate of plasmids from
hosts, i.e. the relative segregation rate of plasmids (Bhatta-
charya & Roy, 1995; Ganusov & Brilkov, 2002). We also

Table 1. Definition of parameters and their default values used to run the numerical calculations

Symbol Definition Unit Default

X Introduced bacteria - -

Y Indigenous bacteria - -

Xr Density of X without plasmids 108 cells mL™ -

Xp Density of X with plasmids 108 cells mL™ -

Ve Density of Y without plasmids 10° cells mL™ -

Vp Density of Y with plasmids 108 cells mL™ -

YNC Density of Y resistant to conjugation 10° cells mL™ -

Nc Concentration of indigenous carbon resources pgCmL™’ -

Nxg Concentration of the xenobiotic pgCmL™" -

oy Affinity for N¢ of X mL day’1 (10° cells)™ 0.001

Oty Affinity for Nc of Y mLday™" (10° cells)™ 0.002

B Degradation rate of Nyg by X and Y mLday ' (10° cells)™ 0.010

e Growth efficiency of bacteria - 0.25*
Carbon content of bacteria ngC (108 cells)™ 0.020'

mo Natural loss rate of bacteria day™ 0.10

Mye Toxicity of the xenobiotic day™" (ngCmL™)™" 0.10

r Recycle ratio of dead biomass of bacteria - 0.50

hor Transfer rate from D (X or Y) to R (X or Y) day™" mLcell™ -

« Cost of bearing plasmids - 1.0e-3*

s Relative segregation rate of plasmids - 1.0e-3*

Pc Supply rate of indigenous carbon resources ugC mL™! 0.010

Nc(0) Initial concentration of indigenous carbon resources ngC mL™’ §

Eo Initial concentration of the xenobiotic pgC mL™" 1.0

x¢(0) Initial value of x¢ 10° cells mL™" 0.0

xp(0) Initial value of xp 10% cells mL™" 0.1

y¢(0) Initial value of y¢ 108 cells mL™" il

yp(0) Initial value of yp 10° cells mL™" 0.0

Yne(0) Initial value of yyc 108 cells mL™" f

HR Host range of plasmids - 0.1"

*Taken from del Giorgio & Cole (1998).
Assuming typical value of 20 fgC cell™".

ypical values were assumed to be low based on Freter et al. (1983), Lenski (1998) and Dahlberg & Chao (2003).

SNe(0) = p(mo + mxsEo)/(exy).

yp(0) = HR - Pc/(ayNe(0) — rp(mg 4+ mxpEy)), yNC(0) = (1 — HR) - Pc/(0yNe(0) — rp(mo + mxpEy)). Others are assumed values.
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Table 2. The equations for dynamics of five types of bacteria, growth-limiting resource, and the xenobiotic

Plasmid-free subpopulation of introduced bacteria (x):

dXF/df = p71edecXF — (mo + mXBNXE>XF - (hx)(Xp -+ hyxyP)XF +Sp71 (1 — C)e(O()(NC + BNXB)XP

= (growth) — (mortality) — (conjugal gene transfer) + (segregation)

Plasmid -bearing subpopulation of introduced bacteria (xp):

dxp/dt = p~" (1 = 5)(1 = C)e(axNc + B Nxs)Xe — MoXp + (MxxXp + hyxyp)Xe

= (growth) — (mortality) + (conjugal gene transfer)

Plasmid-free subpopulation of indigenous recipient bacteria (yf):

dyr/dt = p~"eayNeyr — (mo + mxsNxg)yr — (hyvye -+ hxyxe)ye + sp~"e(cryNe + BNxs)ye

= (growth) — (mortality) — (conjugal gene transfer) + (segregation)

Plasmid -bearing subpopulation of indigenous recipient bacteria (yp):

dyp/dt = p~" (1= 5)(1 — )e(ayNc + BNxa)yr — Moy + (hyvyp + hxyXp)ye

= (growth) — (mortality) + (conjugal gene transfer)

Nonconjugative subpopulation of indigenous bacteria (ync):

dync/dt = p~earyNeyne — (Mo + mxaNxs)yne

= (growth) — (mortality)

Growth-limiting carbon resource (Nc¢):

dNc/dt =Pc — axNc(Xe + xp) — oy Ne (Ve + yp + Yne)
+ rp[mo(Xr + Xp + Yr + ¥p + Ync) + MxeNxg (XF + V¢ + Ync)]

=(production) — (uptake by introduced bacteria) — (uptake by indigenous bacteria) + (recycle of organic carbon from dead bacterial biomass)

The xenobiotic (Nxg):

dNyxg/dt = —BxpNxs — BypNxs

= —(degradation by introduced bacteria) — (degradation by indigenous bacteria) -

assumed that segregation generates viable plasmid-free cells
(xg) at the same rate as segregation. The specific growth rates
of the indigenous recipient (yr and yp) and nonconjugative
(¥nc) populations were calculated similarly (see eqns 3-5 in
Table 2). The unassimilated portion of N and Nyg, i.e.
1 — e, was assumed to be respired as CO, or converted to
nonavailable compounds for bacteria. The possibility that
the xenobiotics are transformed into various metabolites
and are utilized by different groups of bacteria was not
considered for simplicity.

Mortality caused by the xenobiotic and other
factors

We assumed that plasmid-free bacteria (introduced and
indigenous populations) experienced mortality caused by
the xenobiotic at a rate of mxNxg, whereas the xenobiotic
did not affect plasmid-bearing bacteria. The parameter myg
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represents the toxicity of the xenobiotic. In addition, all
types of bacteria experienced constant mortality at a rate of
my, caused by nonplasmid factors such as predation.

Conjugal gene transfer

We assumed four types of HGT among potential recipients
[i.e. plasmid-free introduced (xg) and plasmid-free indigen-
ous (yg) recipient bacteria] and potential donors [i.e.
plasmid-bearing introduced (xp) and plasmid-bearing
indigenous (yp) donor bacteria]. We assumed that gene
transfer occurs at a rate proportional to the density of both
the donor and the recipient, ie. h X (donor densi-
ty) X (recipient density), where h is the transfer rate con-
stant. In particular, we defined hxx, hxy, hyy and hyyx as the
plasmid transfer rate constant from introduced donor (xp)
to introduced recipient (xz), introduced donor (xp) to
indigenous recipient (yg), indigenous donor (yp) to
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indigenous recipient (yg) and indigenous donor (yp) to
introduced recipient (xg), respectively (Fig. 1). Using hxx,
hxy, hyy and hyx, we classified the transfer range and its
direction of plasmids into five types: no HGT, plasmids with
no ability for transmission to any type of bacteria
(hxx=hxy=

hyy=hyx=0); HGT from X to X, plasmids in introduced
bacteria only transmissible to plasmid-free introduced bac-
teria (hxx > 0; hxy=hyy=hyx=0); HGT from X to Y,
plasmids in introduced bacteria transmissible to plasmid-
free introduced and indigenous bacteria, but plasmids in
indigenous recipients with no ability for transmission to any
type of bacteria (hxx, hxy > 0; hyy =hyx =0); HGT from Y
to Y, plasmids in introduced bacteria transmissible to
plasmid-free introduced and indigenous bacteria, and plas-
mids in indigenous recipients transmissible to plasmid-free
indigenous recipients (hxx, hxy, hyy > 0; hyx =0); and HGT
from Y to X, plasmid-bearing bacteria are donors for all
potential recipients (hxx, hxy, Ayy hyx > 0).

Carbon resource and xenobiotic dynamics

We assumed that growth-limiting resources are produced
constantly at a rate of Pc. They decrease with uptake by
bacteria and increase with carbon recycling from dead
bacterial biomass. We assumed that a fraction r of the dead
bacterial biomass is recycled to the growth-limiting carbon
resource. For the xenobiotic, we assumed that it has an
initial concentration at time t=0 and is thereafter decom-
posed by plasmid-bearing bacteria.

Model analysis

Based on these processes, we developed a model consisting
of differential equations for the seven components (Tables 1
and 2). We simulated 10 years of bacterial community and
xenobiotic concentration dynamics, beginning with the
introduction of plasmid-bearing bacteria, using computer-
aided numerical calculations. Numerical calculations were
based on the fourth-order Runge—Kutta method with a fixed
time step of 0.005, which is a common algorithm for
numerically solving differential equations (Press et al.,
1988). Although it is unlikely that all environmental and
biological parameters would remain unchanged over 10
years, this type of long-term simulation is still useful for
identifying potential factors that affect the long-term dy-
namics of plasmids. Unless we completely understand the
behavior of plasmids in constant environments, we cannot
predict their behavior in environments with seasonal and
stochastic changes.

We considered the basic case with narrow host range
plasmids (i.e. the host range = 10%, HR=0.1). At time t=0,
the microbial community began with a small number
of plasmid-bearing introduced bacteria [xp(t=0)=
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1.0°cellmL™"] and a high density of plasmid-free indi-
genous bacteria with no plasmid-free introduced or plas-
mid-bearing indigenous bacteria [i.e. xp(t=0)=yp(t=0)
=0]. The initial concentration of the xenobiotic was
Nxg(0). We assumed that the initial density of plasmid-free
indigenous bacteria [yr(0)+ync(0)] and the initial concen-
tration of the growth-limiting resource were at equilibrium
(Table 1).

In our model, an ‘accumulated’ density of plasmid-
bearing bacteria is directly linked to the final concentra-
tion of the xenobiotic, noting that the accumulated density
of plasmid-bearing bacteria from =0 to =T
[[1=8 (xp(t) + yp(t))dt] is equal to (1/B)In[Nxp(0)/Nxs(T)],
which was obtained by the integration of eqn. 7 (Table 2).
Therefore, we determined the final concentration of the
xenobiotic at t=3650 days, which represented both the
long-term spread of the plasmid and its effects on the
biodegradation.

We investigated how the transfer range determined the
spread of plasmids and the final xenobiotic concentration.
We also focussed on the transfer rate and various factors
affecting the spread of plasmids and the final xenobiotic
concentration. In order to simulate the dynamics of various
types of plasmids, our numerical calculations covered broad
parameter regions, especially for the transfer rate constant,
cost of bearing plasmids, segregation rate and host range,
which were based on literature data (Freter et al., 1983;
Lenski & Bouma, 1987; Gétz et al., 1996; Lenski, 1998;
Dahlberg & Chao, 2003; Maisnier-Patin & Andersson,
2004). In addition, we conducted mathematical analyses for
equilibrium states of the system (f — o), in order to
support the results from numerical calculations for 10-year
dynamics, which is available as supplementary material
(Appendix).

Results

Effects of the transfer range and its direction

First, we examined the effect of transfer range and its
direction on the temporal dynamics of the introduced and
indigenous bacterial populations, plasmids and xenobiotic
concentrations over 10 years (Fig. 2). When the plasmid was
not transmissible (Fig. 2a), the density of plasmid-bearing
introduced bacteria increased rapidly (closed triangle),
leading to a decrease in xenobiotic concentration (closed
circle). This undermined the selective advantage of plasmid-
bearing introduced bacteria, leading to an increase in
indigenous bacteria (open square) and a decrease in intro-
duced bacteria (open and closed triangle). This prevented
further degradation of the xenobiotic and resulted in a high
final xenobiotic concentration. We observed a similar trend
when the plasmid was only transmissible to introduced
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bacteria (hxx=1.0""; Fig. 2b). Although HGT within intro-
duced bacteria may compensate for the loss of plasmids by
segregation, it could not mitigate against the selective
disadvantage of plasmid-bearing introduced bacteria over
indigenous bacteria once the xenobiotic concentration de-
creased below a particular threshold.

When the plasmid was transmissible from introduced to
indigenous bacteria (hxx= 1.0, hyy=1.0""% Fig. 2¢), the
results were quite different. The density of plasmid-bearing
indigenous bacteria (closed square) increased with that of
plasmid-bearing introduced bacteria. The decrease in xeno-
biotic concentration led to an increase in plasmid-free
indigenous bacteria (open square). However, because plas-
mid-bearing indigenous bacteria had a higher growth rate
than plasmid-bearing introduced bacteria under competi-
tion with plasmid-free indigenous bacteria, a high density of
plasmids was maintained in the indigenous host for longer
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day

Parameters used are given in Table 1. [Lines were
actual simulation results and marks (e.g. [J) were
manually added for clarity of presentation.].

100 1000

periods than in the case with no HGT, resulting in a lower
final xenobiotic concentration.

When the plasmid was transmissible from indigenous to
indigenous bacteria (hxx= 1.07°, hyy=1.0" hyy=1.0"%
Fig. 2d), the negative effects of competition between plas-
mid-bearing and plasmid-free indigenous bacteria were
reduced, allowing the maintenance of plasmids in the
indigenous host at a higher density than in the case when
the plasmid was not transmissible from indigenous to
indigenous bacteria (Fig. 2¢). This resulted in a very low
final xenobiotic concentration at = 3650 days. We observed
a similar trend when the plasmid was transmissible from
indigenous to introduced bacteria (hxx = 1.07%, hyy=1.0"",
hyy = hyx = 1.0~%; Fig. 2e). The rate of conjugal gene transfer
from indigenous to introduced bacteria was not sufficient to
compensate for the loss of plasmids from introduced
bacteria by segregation because the density of plasmid-free
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introduced bacteria was too low and it was the most inferior
competitor in the community.

Further numerical calculations showed that HGT within
introduced bacteria and HGT from the indigenous donor to
the introduced recipient had little effect on the long-term
dynamics of plasmids and the final xenobiotic concentration,
even if the transfer rate constants were very high (i.e. hixx and
hyx > 1.07 day ' mLcell ). Therefore, we had only to focus
on two types of HGT that had different effects on the spread
of plasmids, i.e. ‘intergeneric HGT” (hyxy) and ‘intraindigen-
ous HGT’ (hyy), assuming that other HGT processes were
negligible (hxx = hyx =0). Hereafter, we show the results of
how intergeneric and intraindigenous HGT contribute to the
spread of plasmids and xenobiotic degradation, and how
various factors affect the final xenobiotic concentration.

Effects of transfer rate, cost, segregation and
host range

We next examined the effect of the rate of gene transfer
on the spread of plasmids and on the contribution of
intergeneric and intraindigenous HGT (Fig. 3a). The
gene transfer rate constant (hxy, hyy) ranged
from very low (1.07"7day 'mLcell") to very high
(1.077 day " mL cell *; Simonsen, 1991; Gordon, 1992; Lilley
et al., 2000). We investigated how the transfer rate affected
the final xenobiotic concentration (Fig. 3a). Both the inter-
generic and the intraindigenous HGT had little effect on the
spread of plasmids and xenobiotic degradation when the
rate of transfer was very low (< 1.07'®day ' mL cell '; Fig.
3). An increase in intergeneric HGT led to a lower final
xenobiotic concentration (when hyy > 1.07"°) (Fig. 3a),
whereas an increase in intraindigenous HGT still had little
effect on the final xenobiotic concentration (even when
hyy > 1.07"). When the rate of intraindigenous HGT was
very high (> 1.0®day 'mLcell "), the increase in the
intraindigenous HGT rate compensated for the negative
effects of competition and resulted in a further increase in
the activity of plasmids and a further decrease in the final
xenobiotic concentration.

We also examined the effects of basic characteristics of
plasmids (cost of bearing plasmids, segregation rate and
host range of plasmids) on the degradation of the xenobio-
tic. Negative effects of increasing cost were quantitatively
similar to those of increasing segregation rate (Fig. 3b). For
example, the final xenobiotic concentration for the case with
very low cost (c=1.0"") and high segregation rate (s=0.01)
was almost equal to that for the case with very low segrega-
tion rate (s=1.0") and high cost (¢=0.01). This trend is
also obvious from eqns 2 and 4 (Table 2), indicating that the
cost and segregation rate reduce the growth rate of plasmid-
bearing bacteria in a similar way. Although an increase in the
cost of bearing plasmids and a decrease in the host range of
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Fig. 3. The effects of transfer rate constant (hxy, hyy), cost of plasmids
(), segregation rate (s) and host range (HR) on the final xenobiotic
concentration. The contour plots for (a) the effects of transfer rate
constant (day~" mL cell™"), (b) the effects of segregation rate and cost of
plasmids, and (c) the effects of host range and cost of plasmids, on the
final xenobiotic concentration (ugCmL™). In (a)~(c), hxx=hyx=0,
hyy=1.0e-10, hyy = 1.0e-8. Parameters used are given in Table 1.

plasmids resulted in a higher final xenobiotic concentration,
sensitivities for them were different (Fig. 3c). Negative
effects of a slight increase in the cost (e.g. from Al to A2 in
Fig. 3c) were comparable with those of more than a 10-fold
difference in the host range (from A3 to A4 in Fig. 3c).
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Effects of initial conditions

We also examined the effects of initial conditions (initial
density of introduced bacteria, and initial concentration of
the xenobiotic). Surprisingly, a higher initial density of
introduced bacteria led to a higher final xenobiotic concen-
tration (Fig. 4: e.g. P1 vs. P2). The final xenobiotic concen-
tration was lowest with intermediate levels of the initial
xenobiotic concentration (Fig. 4: e.g. P1 vs. P3 vs. P4). These
counterintuitive patterns can be partly explained from the
temporal dynamics of introduced and indigenous bacteria.
A higher initial density of introduced bacteria led to a higher
density of introduced bacteria (Fig. 5a), resulting in a higher
degradation rate of the xenobiotic over a short time scale
( < 100 days; Fig. 5b). However, after then, a higher density
of introduced plasmid-bearing bacteria led to severe compe-
tition between introduced and indigenous bacteria, result-
ing in a lower density of indigenous plasmid-bearing
bacteria (Fig. 5a) and a lower degradation rate of the
xenobiotic over the long term (Fig. 5b). Complex patterns
of effects of initial xenobiotic concentration on the xenobio-
tic degradation (Fig. 5d) would be also explained by the
temporal dynamics of introduced and indigenous bacteria
(Fig. 5¢).

Sensitivity analysis

In order to assess the sensitivity of the model to parameters
values, we increased or decreased by 10-fold the degradation
rate of the xenobiotic (B), the supply rate of resources (Pc),
the cost of bearing plasmids (c) and the host range (HR).
Table 3 shows the effects of these changes on the final
xenobiotic concentration. This clarified how each parameter

101 T T T T T T

100

1071

Initial concentration of
the xenobiotic (Nxg(0))
(ugC mL™)

1072
109 10" 102 108 10* 10% 10° 107
Initial density of
introduced bacteria (xp(0))
(cells mL™"

Fig. 4. The effects of initial conditions [xp(0) and Nxg(0)] on the final
xenobiotic concentration (ugC mL™"). (P1) [xp(0), Nxg(0)] = (10°, 10°); (P2)
[xp(0), Nxg(0)]=(10°, 10°; (P3) [xp(0), Nxg(0)]=(10%, 107"); (P4) [x¢(0),
Nyg(0)]=(10°, 1072). hyx =hyx =0, hxy=1.0""°, hyy=1.0"8. Parameters
used are given in Table 1.
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affected the relative contribution of intergeneric HGT and
intraindigenous HGT compared with the vertical transfer of
plasmids within the original introduced host. An increase in
the degradation rate enhanced the vertical transfer of plas-
mids within introduced bacteria (the case without HGT) and
intergeneric and intraindigenous HGT, resulting in a lower
final xenobiotic concentration. Although an increase in the
indigenous resource supply rate slightly suppressed the
vertical transfer of plasmids within introduced bacteria,
resulting in a higher final xenobiotic concentration, it had
positive effects on intergeneric and intraindigenous HGT. An
increase in the cost of plasmids (or the host range) had
negative (positive) effects of intergeneric and intraindigen-
ous HGT. In particular, intraindigenous HGT was much
more sensitive to changes in the cost and the host range of
plasmids compared with intergeneric HGT.
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Fig. 5. The effects of initial conditions [xp(0) and Nxg(0)] on temporal
dynamics of plasmids and the xenobiotic. The effects of initial density of
introduced plasmid-bearing bacteria on temporal dynamics of plasmids
(a) and the xenobiotic (b). The effects of initial concentration of the
xenobiotic on temporal dynamics of plasmids (c) and the xenobiotic (d).
Intr-P, the density of introduced plasmid-bearing bacteria (xp); Indig-P, the
density of indigenous plasmid-bearing bacteria (yp). P1, P2, P3 and P4
correspond to those shown in Fig. 4. Parameters used are as in Fig. 4.

FEMS Microbiol Ecol i (2007) 1-11



Long-term dynamics of catabolic plasmids

Table 3. Sensitivity analysis

HGT type Without HGT Intergeneric HGT Intergeneric+intraindigenous HGT
Default value (Nxg(3650)) 7.03e-3 2.45e-5 3.46e-7
Tenfold increase
Degradation rate (B) 4.28e-22" 5.36e-23" 1.99e-30°
Supply rate of resource (Pc) 1.83e-2 9.10e-18" 9.18e-41"
Cost (c) 7.94e-3 8.52e-4* 1.68e-4"
Host range (HR) 7.03e-3 8.87e-11* 1.34e-25"
Tenfold decrease
Degradation rate (B) 6.28e-1* 3.77e-37 3.34e-37
Supply rate of resource (Pc) 3.65e-3 1.67e-3* 1.35e-3"
Cost (c) 6.94e-3 1.22e-5 1.05e-7
Host range (HR) 7.03e-3 6.76e-4* 4.15e-4*

*The changes in the final xenobiotic conditions were increased or decreased by more than 10-fold, in response to a 10-fold increase or decrease in the

parameter.

Changes in the final xenobiotic conditions were increased or decreased by more than 100-fold.

Discussion

This is the first application of mathematical modeling to
evaluate the effects of HGT on the long-term dynamics of
introduced catabolic plasmids encoding the ability to de-
grade xenobiotics that has considered the negative feedback
between the spread and selective advantages of plasmids.
Not only do our results support previous experimental
studies of bioaugmentation that propose several factors as
major determinants of the initial spread of plasmids (Top
et al., 1990, 2002; Neilson et al., 1994; de Lipthay et al.,
2001), they also clearly reveal the conditions under which
these factors enhance the spread and persistence of plasmids
over the long term.

Numerically simulated long-term dynamics of plasmids
and the xenobiotic revealed how various parameters affected
the relative contribution of intergeneric HGT and intraindi-
genous HGT compared with the vertical transfer of plasmids
within the original introduced host. When the xenobiotic
degradation rate () was high, the contribution of the
vertical transfer of plasmids within introduced bacteria was
large (Table 3). By contrast, a lower cost of bearing plasmids
(c), a higher indigenous resource supply rate (Pc) and a
broader host range (HR) resulted in a larger contribution of
indigenous and intraindigenous HGT (Table 3); they en-
hanced intergeneric HGT and the vertical transfer of plas-
mids within indigenous bacteria, whereas they had little
effect on the vertical transfer of plasmids within introduced
bacteria because they could not compensate for the negative
effects of competition with plasmid-free indigenous bacter-
ia. As a result, the increased density of plasmid-bearing
indigenous donor bacteria also enhanced the frequency of
intraindigenous conjugal transfer (HGT) of plasmids. Inter-
generic and intraindigenous HGT did not always enhance
the spread of plasmids, however. Plasmid-bearing intro-
duced and indigenous bacteria always faced competition
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from plasmid-free indigenous bacteria. A sufficiently high
transfer rate (hxy) was necessary for plasmid-bearing intro-
duced bacteria to escape competition by intergeneric HGT
(Fig. 3a). For plasmid-bearing indigenous bacteria, a much
higher transfer rate (hyy) was necessary for them to escape
competition by intraindigenous HGT (Fig. 3a).

We also clarified the relationships among basic character-
istics of plasmids that have negative effects on the spread of
plasmids. Higher cost, higher segregation rate and narrower
host range of plasmids led to a higher final xenobiotic
concentration. High cost (or high segregation rate) had
severe negative effects on the spread of plasmids than
narrow host range of plasmids (Figs 3b and c). Initial
conditions also had large effects on the dynamics of plasmid
and the final xenobiotic concentration (Fig. 4). Although a
rapid increase in introduced plasmid-bearing bacteria led to
a rapid decrease in the xenobiotic concentration over a short
time scale, this did not always result in a low xenobiotic
concentration over a long time scale. It suggested the
existence of a trade-off between the rapid degradation and
the complete degradation.

Our results provide a clear hypothesis for how plasmids
are maintained evolutionarily in bacterial communities,
which is a central topic of theoretical studies of plasmid
evolution (Simonsen, 1991; Bergstrom ef al., 2000). Genes
that function in xenobiotic degradation tend to occur on
plasmids, rather than chromosomes. Several studies have
suggested that repeated transfer to new hosts increases the
persistence time of such genes because they only have a
selective advantage in transient or spatially limited environ-
ments; if these genes occur on chromosomes, they will easily
become extinct, together with their original hosts, when the
selective pressure on the original host changes (Eberhard,
1989; Lilley et al., 2000). Although these previous studies
assumed externally driven changes in selection pressures, we
examined autonomous changes in selection pressure driven
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by traits encoded on the focal genes themselves. Our results
clearly suggest that these autonomous forces that cause
selective disadvantages promote the occurrence of these
genes on plasmids for long-term persistence.

Our results also provide some conditions for a successful
bioaugmentation using catabolic plasmids (Table 3). For exam-
ple, in environments polluted by xenobiotics that are easy to
degrade (larger B), catabolic plasmids without the ability for
HGT will be sufficient for the effective degradation of the
xenobiotics. The addition of resources for enhancing bacterial
growth (higher Pc) will help biodegradation of pollutant only
when catabolic plasmids have the ability for HGT. Similarly,
evolution of bearing plasmids and hosts toward a lower cost of
bearing plasmids (Lenski, 1998; Dahlberg & Chao, 2003;
Maisnier-Patin & Andersson, 2004) will enhance the biodegra-
dation ability of a bacterial community only when catabolic
plasmids have the ability for HGT. In addition, as mentioned
above, initial conditions will have complex effects on the
biodegradation over both a short and a long time scale.

It is clear that HGT plays a major role in bioaugmentation
by enhancing the spread of introduced genes that encode the
degradation of pollutants such as xenobiotics. As suggested
in recent studies (Tschipe, 1994; Top & Springael, 2003),
HGT potentially enhances the adaptive responses of the
bacterial community to environmental changes. Incorporat-
ing additional empirical evidence into mathematical models
will be necessary to develop more general theories. The
effects of other major types of HGT, such as transformation
and transduction, should also be evaluated (see review in
Droge et al., 1999). Spatial heterogeneity should also be
considered to evaluate the occurrence of ‘hot spots, where
the transfer rate is much higher than in surrounding
environments (van Elsas & Bailey, 2002), or where highly
structured environments such as soil will prevent the con-
jugation. Although our model was not spatially explicit and
thus not able to evaluate these effects, the negative effect
would be partly simulated as reduced conjugative transfer
rate of plasmids (hxx, hxy, hyy byx). In addition, the food
web context should be incorporated, because bacterivorous
predators affect the bacterial community composition and
their guts supply hot spots for conjugative gene transfer
(Otto et al., 1997; Schlimme et al., 1997), and primary
producers enhance bacterial growth rates and stimulate
natural transformations (Matsui et al., 2003) and conjugal
gene transfer (Ueki ef al., 2004). These expanded studies will
help to provide a better understanding of the behavior of
plasmids in natural environments and aid in the develop-
ment of reliable and safe bioaugmentation technology.
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