Mobilization of Broad Host Range
Plasmid from Pseudomonas putida to
Established Biofilm of Bacillus

azotoformans. Il. Modeling

D. L. Beaudoin,* J. D. Bryers,? A. B. Cunningham,® S. W. Peretti*

1Department of Chemical, Bio and Materials Engineering, Arizona State
University, Tempe, Arizona 85287; e-mail: diane@asuvax.eas.asu.edu
2Center for Biomaterials, University of Connecticut Health Center, 263

Farmington Avenue, Farmington, Connecticut 06030

3Center for Biofilm Engineering, Montana State University, Bozeman,

Montana 59717

“Department of Chemical Engineering, North Carolina State University,

Raleigh, North Carolina 27695

Received 30 December 1996; accepted 7 July 1997

Abstract: A strain of Pseudomonas putida that harbors
plasmids RK2 and pDLB101 was exposed to a pure cul-
ture biofilm of Bacillus azotoformans grown in a rotating
annular reactor. Transfer of the RK2 mobilizable pDLB101
plasmid to B. azotoformans was monitored over a 4-day
period. Experimental results demonstrated that the
broad host range, RSF1010 derivative pDLB101 was
transferred to and expressed by B. azotoformans. In the
companion article to this work, the rate of plasmid trans-
fer was quantified as a function of the limiting nutrient,
succinate, and as a function of the mechanism of trans-
fer. A biofilm process simulation program (AQUASIM)
was modified to analyze resultant experimental data. Al-
though the AQUASIM package was not designed to
simulate or predict genetic events in biofilms, modifica-
tion of the rate process dynamics allowed successful
modeling of plasmid transfer. For the narrow range of
substrate concentrations used in these experiments, nu-
trient level had only a slight effect on the rate and extent
of plasmid transfer in biofilms. However, further simula-
tions using AQUASIM revealed that under nutrient poor
conditions, the number of transconjugants appearing in
the biofilm was limited. © 1998 John Wiley & Sons, Inc. Bio-
technol Bioeng 57: 280-286, 1998.
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INTRODUCTION

bolic activity as well as improving their rates of transfor-
mation. Genetic engineering provides the tools necessary to
create organisms with enhanced abilities, but current restric-
tions will not allow the release of genetically engineered
microorganisms (GEMSs) into an open environment because
the effects of released recombinant DNA (rDNA) sequences
on the indigenous microbial population are not completely
understood. Despite the fact that adherent bacteria are re-
sponsible for the majority of open system microbial activity,
most rDNA gene fate research is carried out in suspended
cell cultures. With little information available on the dy-
namics of genetic exchange among biofilm microorgan-
isms, improved knowledge of these transfer patterns will
contribute to the understanding of the effect of GEMs in
natural ecosystems.

In the first part of this study (Beaudoin et al., 1997)
experiments were carried out to quantify the rate and extent
of plasmid transfer between an introduced recombinant bac-
terial species and an established biofilm of a natural soil
isolate. Results of these experiments indicated that plasmid
transfer does occur from a released GEM to a recipient
species in a biofilm community, even between Gram-
negative and Gram-positive microorganisms. Consequently,
special attention must be paid to the types of genes placed
on plasmids designed for bioremediation. Becausehtié

Biofilms can significantly influence industrial processes,soklocus was inserted on the plasmid to ensure complete
wastewater treatment systems, medical systems, and natussgregational stability of the plasmid, this study represents
ecosystems. Most bacteria in nature grow as biofilms aan extreme case of plasmid transfer.
interfaces in soil or aquatic systems. These bacteria are The rate of plasmid transfer was measured as a function
responsible for maintaining the many nutrient cycles occurof the concentration of the primary carbon source fed to the
ring in soil and water. Although microorganisms are natu-reactor system for both donor and transconjugant initiated
rally capable of degrading a wide range of organics, there igransfer (Beaudoin et al., 1997). Even though plasmid trans-
a great deal of interest in extending the range of their metafer between the same species is expected to be more effi-
cient than transfer between two unrelated species, transcon-
jugant mediated transfer was observed to be slower than

Correspondence tdD. Beaudoin donor mediated transfer at low nutrient concentrations. It is
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assumed that the slower transfer rates measured for thHsofilm accumulation due to growth, replication, and poly-
transconjugants may be related to an energy requirememier synthesis. Genetic events like plasmid transfer also take
associated with plasmid transfer and not to a bacterial spgslace within the biofilm.
cies phenomenon. The transconjugants develop deeper intoThe equation used by AQUASIM to describe 1-
the biofilm than the donor species, exposing the transcondimensional biofilm net accumulation for bacterial species
jugants to a lower nutrient concentration. is given by

In our companion article we showed that an introduced «
bacterial species will attach to and colonize an established 3_Xi _ u<9_Xi 14 < 3Xi) P X M @

X

X 9z l-¢ Py

+—_
biofilm of another species and will transfer its plasmid DNA  dt dz Aoz
to the established population (Beaudoin et al., 1997). Con- Equai 1) states that the ti f ch in a bacterial
sequently, it is important to develop a spatially dynamic _=auation (1) states that the time of change in a bacteria

model that will predict the rate and extent of these events agPecles atany poiris given by_advgctlon of the. bIOfI|m.
well as determine values for the plasmid transfer kinetic>PCes due.to'cellular growth, dlffu3|on'of bactgrlal SPecies
constants. Early attempts to model species dynamics in bio"—‘”thln the biofilm, and the net production of biomass by

films were limited to specific microbial communities and each species. Net species biomass production includes both

reactor configurations (Alleman et al., 1982; Gonenc 1982biological growth kinetics and the creation or destruction of
N ' ' certain strains due to plasmid transfer.

Harremoes, 1982; Tanaka and Dunn, 1982; Watanabe et af Th bal bstraie i b
1982, 1984; Young and McCarty, 1968). To create a more € mass balance on substrats given by
general biofilm model, Wanner and Gujer (1986) developed 9§ 1-s 0§ 14 S 1 Iy
equations describing multiple species and multiple sub- —= Uu—+—— <A8DS_> +-— E —'§
L . . L ot € 9z eAdz 0z e p
strates biofilm formation using mass transport principles S
and a limited number of assumptions including 1- +} %a_x'ﬁﬁf
dimensional growth. The resulting set of partial and ordi- € ps 9Z 0Z &

nary integral and differential equations were incorporatedrhe first term on the right of this equation describes the
into a simulation package, AQUASIM (Reichert, 1994). In- . ; i
effect on the substrate concentration by convective expan

stead of confining the user to a specific set of system con-.

. . sion of the biofilm. The second term describes the diffusion
ditions, AQUASIM allows the user to define the number of '\ oie trom the bulk fluid into the biofilm. The third

25&?23' f‘:ﬁe;ﬁjvt'g t?hee b\'/:'lljrgé tgfe gnrléTI?ﬁ r;}?ﬁgi:gﬁfterm rgpresen.ts the effect of substrate utilization by eaph
' . bacterial species. The fourth term models the effect of dif-

processes occuring in the biofilm. It is an effective tool forﬂJSiVe transport of biomass vyithin the biofilm.. The last term
: .accounts for the net production or consumption of substrate

modeling bacterial growth and substrate conversion in variz . .
by the local species consumption.

ous system geometries. This investigation uses the AQUA- . s L
SIM program to model both the the development of a mixe The change in the biofilm liquid volume fraction is given

species biofilm and the subsequent plasmid transfer be”
tween the species. ge  de 19 ( D, 3Xi>
= —— 3)

le 2)

—oy—-—
at ~az Aoz ~ ps 0Z

MODELING The first term in this equation takes into account changes in

the liquid volume due to advection of the biofilm, and the
Biofilm Equations second term results from transport of biomass from the bulk
fluid into the biofilm.
Biofilm formation and persistence are governed by mass Boundary conditions & = 0 assume that there is no flux
transport processes and biological transformations. The exf substrate or biomass at the biofilm—substratum interface.
tent of biofilm formation is set by bulk fluid dynamics that At the biofilm—bulk fluid interface,z = L, the boundary
control not only the rate of nutrient supply to the biofilm but conditions for the biomass and substrate are, respectively,
also the amount of biofilm detachment. Adsorption and de- ax
sorption are the accumulation or depletion of molecules or _ on - _
cells on a solid substratum whereas attachment and detach- AUX=AD, 0 ‘ = Alkged ~karoun) - (4)
ment are the movement of cells between the bulk fluid oS
phase and the biofilm matrix. _ _ | - -
The biofilm itself consists of not only a solid phase of AUL =€) =AeDs 57 | = Ak = Soud- ®)
bacteria and their metabolic products, but also an interstitial
liquid phase of bulk fluid. Within the biofilm itself, the
processes comprising biofilm formation are the rates o
mass transport of nutrients from the bulk fluid, the net rateAQUASIM has been used previously to predict the concen-
of conversion of these substrates into new biomass, and butkations of substrates and bacterial species within a biofilm.

Plasmid Transfer
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However, it has never been used nor was it intended tgpecies attaches to the biofilm from the bulk fluid and de-
predict the concentrations of various bacterial strains or spaachment is treated as a global process, not an individual
cies resulting from genetic events like plasmid transfer orstrain process. During these experiments, all three strains
even segregational plasmid instability. To account for thecompete for the same limiting nutrient, succinate, leaving
conversion of recipient species to transconjugants, Equatioanly one substrate mass balance to be solved. The resulting
(1) was modified as follows to include the kinetics of plas- set of three bacterial species mass balances, the substrate
mid transfer. balance, and liquid volume fraction equation can be solved
For the case of conjugational transfer, there are thresimultaneously using AQUASIM.

biomass species: donors, recipients, and transconjugants.
Substituting into Equation (1), the respective microbial
mass balances in the biofilm are SIMULATION RESULTS

< The kinetic expressions listed above were entered into the

oD D 19 < 5 aD) o= D EQ (6) AQUASIM program along with initial conditions, influent

= u_ N X_ 1 .

ot 9z Aoz 0z 1-¢ Ps concentrations, and model parameter values. AQUASIM
then automatically solved the mass balance equations,

iz_ ui& 149 < b aR) trg— E Ix @) Equations (1)—(8), as a function of time and biofilm depth

ot 9z Adz 0z 1-¢ using the specified inputs for the donor, recipient, transcon-
jugant, and substrate concentrations.

OT_ T Lo (T 2 . .
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_ . Model Parameters
The rates of formation of these species are
The model of plasmid transfer in biofilms includes the

PmSD (9) 20 parameters listed in Table I. Several parameters are

o K+s based on the experimental conditions and are known.
Monod growth parameters are set at values measured in
Me= i s - k,DR - k,TR, (10)  independent exp(_ariments cqnducted over fche range of _sub-
strate concentrations used in these experiments. Succinate
ST diffusivity was set at 80% of that measured in water. The
=y S+k DR+k,TR, (11)  initial biofilm thickness came from images taken of the

cryoembedded and cryosectioned samples taken before do-

Because there are three distinct bacterial strains, the vakor addition. The thicknesses used were mean values of

ues ofu,, K, andY are different for each cell type. To several measurements in order to take into account varia-
simplify the boundary conditions describing bacterial ex-tions due to biofilm heterogeneities. Initial concentration
change at the biofilm—bulk fluid interface, only the donor and distribution of the recipients were determined from cell

Table I. Parameter values for AQUASIM simulation of plasmid transfer in biofilms.

Symbol Description Value Units Source
A Biofilm surface area 13455 ém Set
Dg Substrate diffusivity 0.03 chth Bennett and Myers (1982)
D, Bacterial diffusivity 0.0079 criih Estimate
I get Rate of bacterial detachment 0.99 cm/h Parameter fit
Dteed Concentration of donors in the bulk fluid 3 xTor 2 x 10° glen? Set
Katt Attachment rate constant for donors 1x90 cm/h Parameter fit
Ky Donor transfer coefficient 20 ctlg h  Parameter fit
ko Transconjugant transfer coefficient 15 Y¥mh Parameter fit
Kp Monod half-saturation constant for donors 1.2 X910 glen? Measured
Kg Monod half-saturation constant for
recipients and transconjugants 1.2 90 glen? Measured

L Initial biofilm thickness 0.001-0.002 cm Measured
Mmaxdon Max. specific growth rate for donors 0.36 1/h Measured
Mmaxrec Max. specific growth rate for recip. and trans.  0.365 1/h Measured
Q Volumetric flow rate of feed 500 cih Set
Ps Bacterial density in biofilm 0.05 g/lcth  Estimate
R, Initial recipient concentration 0.9% 1.9 x 10° glen?® Measured
Seed Concentration of limiting substrate in feed 1.25 x4 7.5 x 10°  glcn? Set

Reactor volume 500 chn Set
Yo Yield coefficient for donors 0.25 Estimate
Yr Yield coefficient for recip. and trans. 0.2 Estimate
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1.2 10° concentrations close to the measured values except for the

& 3-h sample taken in the first case. This point is so far off
E I 10° from the rest of the data that it probably can be neglected
z L because its exponential increase is indicative of the onset of
% 810° - cell replication. As expected, having fewer donors in the
S B E bulk fluid results in fewer donors attaching and colonizing
E v r the biofilm. Substrate concentration, however, does not ap-
g 410 _ pear to affect the rate of attachment.
S r
5 Ll — - :
g *r gl Rate of Bacterial Detachment (r 4o,)
r o R |
010° m L b b b b oo d The detachment of bacteria from the biofilm was fit to the
1

L5 2 25 3 3.5 biofilm thickness measured over the course of the experi-
Time (hr)

ment and the results were compared to the number of do-
Figure 1. Comparison of experimental and predicted number of donorNOr'S, recipients, and transconjugants measured in the efflu-
cells,P. putidaPB2440 (RK2, pDLB101), in the biofilm during the first 3 ent over the course of the same experiment. Following other
h of contact: &) 12.5 ug/mL succinate experiment an®lf 25 ng/mL researchers who used AQUASIM to simulate biofilm pro-
succinate. (—) AQUASIM predicted values for 12.8/mL succinate and cesses (Wanner and Reichert 1996) we assumed that the
- - -) AQUASIM predicted values for 2p.g/mL succinate. ! ' . -
C-I)AQ P g overall rate of detachment, detach, was a fraction of biofilm
advection,u:

counts and from the images taken of the biofilm before lget = @* U. (13)
donor addition. Bacterial diffusivity and density are esti-

mates based on other AQUASIM simulations (Remhert'fraction a was adjusted until the measured and simulated

1994). Values used for the yield coefficients are assumed tBiofiIm thicknesses were in agreement. Figure 2 shows the

be similar to literature values for succinate consumption byresultin biofilm thicknesses from three different succinate
other bacteria (Bailey and Ollis, 1986). Consequently, only 9

. . concentrations: 25, 12.5, and 7&/mL. The detachment
fboeu;itpfor etlkr:a e‘:je;;gan det, ky, andk, remained, which must rate that best fits the data was 009, indicating that the

biofilm reached a steady-state thickness.

Using the known growth parameters for each species, the

Donor Attachment Velocit
Y (et Plasmid Transfer Rate Constant for Donors (k;)

The rate of bacterial attachmeny,, is given by
Initially, the majority of transfer is from the donors to the

Fait = Kaw* Dy (12) recipients. Therefore, the valuelgfwas fit to the measured

The attachment velocity is a function of particle size, numbers of recipients and transconjugants in the biofilms
fluid velocity, motility, mixing, and diffusion. For a given
bacterial species under the same reactor operating condi-
tions, the rate of attachment will vary according to the con-
centration of cells in the bulk, but the attachment velocity .
should be a constant.

The specific rate for donor attachment was fit to the num--
ber of donors measured in the biofilm during the 3-h contacrz
between the recipient biofilm and the donors in the bulk &
fluid. Using the known growth parameters for the donor:2
speciesk,;; was adjusted and AQUASIM simulations of the
first 3 h were carried out until the measured and predictec
number of donors in the biofilm were in agreement.

Figure 1 illustrates the number of donors in the biofilm
resulting from two different experimental conditions. One o o
case is for a succinate concentration of 1@dmL while Time (hr)
the other case represents the base substrate concentration
(25 pwg/mL succinate) employed in experiments but at aFigure 2. Comparison of experimental and predicted biofilm thicknesses
smaller concentration of donor cells in the bulk fluid (10 resulting from experiments of plasmid t_ransfer betw@elputidaPB_2440

. andB. azotoformans(®) 75 p.g/mL succinate,4) 12.5pg/mL succinate,
cells/mL m;tead of ﬂ)cglls/mL). In both cases the attach- _ @) 25 ug/mL succinate. (—) AQUASIM predicted values for 12.5
ment velocity that best fit both sets of data was a value of 1,g/mL succinate, (- - -) AQUASIM predicted values for p&§/mL succi-
x 10°° cm/h. As the plot indicates, this value gave donornate, and+¢-) AQUASIM predicted values for 7g/mL succinate.
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Figure 3. Experimental and simulated concentration profiles for plasmid Figure 4. Comparison of measured and predicted concentration profiles
transfer fromP. putidaPB2440 (RK2, pDLB101) t®. azotoformanssing ~ for plasmid transfer fronP. putidaPB2440 (RK2, pDLB101) td. azoto-

25 pg/mL succinate: @) transconjugants andA() recipients. (---)  formansusing 12.5.9/mL succinate: @) transconjugants andk( recipi-
AQUASIM transconjugants and (—) AQUASIM recipients. ents. (- - -) AQUASIM transconjugants and (—) AQUASIM recipients.

substrate concentration. However, in the simulations pre-
for the three different substrate concentrations over the firs§ented above, the plasmid transfer rate parameter for a given
24 h of each experiment. bacterial and plasmid system was found to be independent

Figure 3 shows the initial numbers of recipients andof substrate concentration. Even with a constant value for

transconjugants resulting from plasmid transfer using 2%his parameter, the rate and extent of transconjugant pro-
pg/mL succinate. For this set of conditions, the best plasmi@juction differed for each concentration of succinate because
transfer rate constant for the dondkg,was 20 crivg h. The  the rate of plasmid transfer was also a function of the con-
numbers of recipients and transconjugants resulting frongentration of each species. The highest concentration of
plasmid transfer using 12.pg/mL succinate is shown in transconjugants was reached using the lowest nutrient con-
Figure 4. Once again, the plasmid transfer constant that begkntration. The lower succinate concentrations also
fits this case was a value & equal to 20 criyg h. The  achieved a steady-state concentration of transconjugants
overprediction of the recipient concentration at 24 h wasyhereas with 3x succinate the transconjugant population
due to the initiation of transconjugant mediated plasmidwas still increasing after 100 h of contact.
transfer. With all parameters known or fit, AQUASIM is a con-

venient tool for correlating the effects of various process
Plasmid Transfer Rate Constant for conglitions on depgndent variables.'To see the 'extent' that
Transconjugants () nutrient concentration affects plasmid transfer, simulations

] ] were run in which the amount of substrate in the feed was
With all other parameters now known or fit, the transcon-

jugant’'s plasmid transfer rate constaks, was fit to the
measured numbers of recipients and transconjugants in tt
biofilms using data for the three different substrate concen
trations from 24 h until the end of the experiment.

Figures 5 and 6 illustrate the numbers of recipients anc
transconjugants resulting from plasmid transfer using 7
and 12.5ug/mL succinate, respectively, after 24 h of con-
tact. For both cases, the valuelgfthat predicted both the
recipient and transconjugant populations well was 18/gm
h. The transconjugant concentration was overpredicted
the 24- and 48-h sample points for the g§/mL succinate
case, but predicts the final 72-h sample point well.

m

Cell Concentration (cells/cm2)

o

Ve S IS NPT B R T

. (4] 20 40 60 80 100 120
Effect of Substrate Concentration on Time (hr)

Plasmid Transfer

It h been shown experimentally that the rat f ol miFigure5. Experimental and simulated concentration profiles for plasmid
as been sho experimentally that the rates or plas qransferfronP.putidaPBZ440(RK2,pDLBlOl)ttB.azotoformanssing

transfer in biofiims (Beaudoin et al., 1996) and in suspen-s ,g/mL succinate: @) transconjugants andA() recipients. (- - -)
sion (MacDonald et al., 1992) are a function of the limiting AQUASIM transconjugants and (—) AQUASIM recipients.
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Figure 6. Experimental and simulated concentration profiles for plasmid Figure 8. Comparison of experimental and predicted concentration pro-

transfer fromP. putidaPB2440 (RK2, pDLB101) t@®. azotoformanssing
12.5 pg/mL succinate: @) transconjugants andA( recipients. (---)
AQUASIM transconjugants and (—) AQUASIM recipients.

files for plasmid transfer fronf?. putidaPB2440 (RK2, pDLB101) td.
azotoformanaising 25pg/mL succinate and a small donor inoculur®)(
measured transconjugantsh)( measured recipients, an@) measured
donors. (- - -) predicted transconjugants, (—) predicted recipients; and (
predicted donors.

varied ove a 6 order of magnitude range. Figure 7 shows

the number of transconjugants resulting from these simula-

tions as a function of time as well as biofilm depth. Very perimental results to test the accuracy of the model. In this
little plasmid transfer occurred at a substrate concentratiogase, the normal level of succinate (2§/mL) was used,

of 2.5 x 10° mg/mL succinate. There was a dramatic in- but a donor inoculum of only T0cells/mL was exposed to
crease in the number of transconjugants when 2.5 * 10 the recipient biofilm. Figure 8 shows the predicted and mea-
mg/mL succinate was fed to the system, and the number gfured concentration profiles for the case of a small donor
transconjugants was still increasing after 200 h of contactinoculum. All three populations were predicted relatively
There appeared to be no difference in the number of trangvell by AQUASIM. The transconjugant population was un-
conjugants formed when either 0.025 or 2.5 mg/mL succiderpredicted everywhere, but the right trends were seen.
nate was applied to the biofilm. As another test of the accuracy of the model, the spatial
profile resulting from the above simulation can be compared
to a cryosectioned and stained biofilm sample run under the
same conditions. Figure 9 shows the concentration profile
With all model parameters now known or fit and an expres-of each species as a function of biofilm depth after 70 h of
sion for the kinetics of plasmid transfer developed, onecontact. As indicated by the graph, the recipient concentra-
more simulation was performed and Compared with the extion is highest near the substratum and decreases to zero at

Validity and Accuracy of Model

o 110
e [
g -
> i —
= 5
3 810 %
= L =z
9] =
.- | Q
] s 1 2
E 610 - =
g &
g F g

5 5
S 410 | )
=
g : S
=
.g 110° F =
31 i @)
g -
[ o [
£ 010

0 50 100 150 200 0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Time (hr) distance (cm)

Figure 7. Predicted transconjugant profiles from simulations of plasmid Figure 9. AQUASIM's predicted spatial concentration profile for each
transfer fromP. putidaPB2440 (RK2, pDLB101) t®. azotoformansising species in the biofilm resulting from plasmid transfer betw®erputida
various feed concentrations of succinate: (- - -) 2.5 x*¥g/mL, (-—-) PB2440 (RK2, pDLB101) an8. azotoformansising 25u.g/mL succinate
2.5 x 10%mg/mL, (—) 0.025 mg/mL, and ) (overlapped by solid line)  and a small inoculum of donor cells after 70 h of contact: (—) transcon-
2.5 mg/mL. jugants, (- -) recipients, and (- - -) donors.
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liquid volume fraction

Monod half saturation constant for strdifg substrate/cri)
donor transfer coefficient (cffg biomass/h)
transconjugant transfer coefficient (g biomass/h)
cellular attachment coefficient (cm/h)

biofilm detachment coefficient (cm/h)

substrate mass transfer coefficient (cm/h)
maximum specific growth rate (L/h)

biofilm bacterial density (g/cr)

consumption of substrate (g/éfh)

bacterial growth or transformation (g/éth)
substrate concentration (g substratelem
substratg concentration in the biofilm (g/cf)
substratg concentration in the bulk fluid (g/cth
advective velocity due to biofilm growth (cm/h)
biomass concentration (g/én

biomass concentration in the bulk fluid (g/&m
biomassi concentration (g/cR)

yield coefficient

distance from biofilm substratum (cm)

the center of the biofilm (15um). A few transconjugants e
have formed near the substratum with a maximum concen- Ki
tration appearing at 1@m above the substratum. The donor iy
cells do not reach as high a concentration as the recipientsk;
or the transconjugants, but comprise more than half of the k,,
28-um biofilm thickness. 4,6-Diamidino-2-phenylindole  kn
(DAPI) and di3-galactopyranoside (FDG) stained biofilm  ¥m
samples taken 72 h after the first contact between the donors”
and recipients (photos not shown) indicate that the biofilm ri
grown in this case reaches an average thickness @22 S
which is close to what AQUASIM predicts. The images also S
show that almost all of the biofilm hdacZ activity. Be- Sib
tween expression by the donors as well as the transconju-u
gants, the simulation also indicates activity in all of the
biofilm. The results of this simulation indicate that this x
model provides an accurate description of plasmid transfer Y
in biofilms. z
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