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Abstract: The activity and stability of the TCE degrada-
tive plasmid TOMj, . in the transconjugant host Burkhol-
deria cepacia 17616 was studied in selective and non-
selective biofilm cultures. The activity of plasmid TOM;,
in biofilm cultures was measured by both TCE degrada-
tive studies and the expression of the Tom pathway.
Plasmid loss was measured using continuous flow, ro-
tating annular biofilm reactors, and various analytical
and microbiological techniques. The probability of plas-
mid loss in the biofilm cultures was determined using a
non-steady-state biofilm plasmid loss model that was de-
rived from a simple mass balance, incorporating results
from biofilm growth and plasmid loss studies. The plas-
mid loss model also utilized Andrew’s inhibition growth
kinetics and a biofilm detachment term.

Results from these biofilm studies were compared to
similar studies performed on suspended cultures of
Burkholderia cepacia 17616-TOM,,. to determine if bio-
film growth has a significant effect on either plasmid re-
tention or Tom pathway expression (i.e., TCE degrada-
tion rates). Results show that the activity and expression
of the Tom pathway measured in biofilm cultures was
significantly less than that found in suspended cultures
at comparable growth rates. The data obtained from
these studies fit the plasmid loss model well, providing
plasmid loss probability factors for biofilm cultures that
were equivalent to those previously found for suspended
cultures. The probability of plasmid loss in the B. cepacia
17616-TOM,,. biofilm cultures was equivalent to those
found in the suspended cultures. The results indicate that
biofilm growth neither helps nor hinders plasmid stabil-
ity. In both the suspended and the biofilm cultures, plas-
mid retention and expression could be maintained using
selective growth substrates and/or an appropriate plas-
mid-selective antibiotic. © 1998 John Wiley & Sons, Inc. Bio-
technol Bioeng 59: 318-327, 1998.
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INTRODUCTION

mental basis of many traditional wastewater treatment pro-
cesses. More recently, biofilms have been used in bioreme-
diation technologies to degrade xenobiotics found in indus-
trial effluents, groundwaters, and contaminated soils. One
use for biofilm-based remediation technologies is the re-
moval of trichloroethylene (TCE) from groundwaters and
soils. TCE, a solvent used in the dry cleaning industry, is a
ubiquitous and recalcitrant groundwater contaminant and is
an US-EPA priority pollutant.

A number of biological methods have been developed to
degrade TCE. The majority of these methods involve aero-
bic bacterial isolates and microbial consortia capable of co-
metabolic mineralization or degradation of TCE (Finette et
al., 1984; Folsom and Chapman, 1991; Folsom et al., 1990;
Gibson et al., 1982; Kaphammer et al., 1990; Nelson et al.,
1987; Shields and Reagin, 1992; Tsien et al., 1989; Van-
denbergh and Kunka, 1988; Wackett and Gibson, 1988).
One such bacterial speciesBsirkholderia cepacidPR1; .
(TOM3,0 (formerly classified asPseudomonas cepagia
which is a Tn5 transposon mutant of the environmental
isolate B. cepaciaG4 (Nelson et al., 1987; Shields et al.,
1995). Burkholderia cepaciaPR;,. (TOM3,J) carries its
constitutive, cometabolic TCE degradative pathway on the
plasmid TOM;;. TOMg,. is a transmissible plasmid that
includes gene sequences which encode for all of the proteins
needed for constitutive mineralization of TCE via a cometa-
bolic pathway, the newly defined Tom (toluene ortho-
monooxygenase) pathway (Shields et al., 1989). These pro-
teins include toluene ortho-monoxygenase (TomA) and cat-
echol 2,3 dioxygenase (C230 or TomB). Plasmid TQM
also includes the Tn5 transposon insertion containing a
kanamycin resistance marker. Involvement of the Tom
pathway in the aerobic mineralization of TCE has been
definitively characterized in the literature (Shields et al.,

Bacteria and their exopolymer secretions associated with ah99°: Shields and Reagin, 1992). Plasmid TQMould
interface, are known as biofilms (Characklis and Marshallhave @ number of important applications in the field of
1990). Biofilms have been used to remove pollutants fromfioremediation. For example, TOM, could be transferred

wastewater for hundreds of years, and thus are the fund
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dnto indigenous bacterial populations to increase the resi-

dent TCE degradative activity, or it could be applied to
highly effective reactor-based remediation technologies.
Research using cultures other than PR1 has indeed taken
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place. Speital and Leonard (1992) used a sequencing bitNoack, 1982; Sherrat, 1982; Summers, 1991), the majority
film reactor to treat TCE. Finnell et al. (1993) used a metha-of technologies in the area of bioremediation involve im-
notrophic attached-film, expanded bed reactor to degradmobilized or biofilm cultures. Compared to suspended cul-
TCE at a maximum rate of 0.8 mg TCE/g VSS-day. Strand+tures, biofilm and immobilized cells may experience in-
berg et al. (1989) also used a methanotrophic consortium toreased plasmid stability for two reasons: (1) the proximity
degrade trichloroethylene and trans-1,2-dichloroethylene iof biofilm cells to one another may improve intracellular
a fixed film reactor. Freedman and Gosset (1989) and Voggblasmid transfer mechanisms; and (2) the mass transfer
and McCarty (1985) have experimented with anaerobic cullimitations, inherent in immobilized and biofilm systems,
tures to perform low rate, reductive dechlorination of TCE.may lower growth rates inside the biofilm.
Yet, most of these processes involve slow growing cultures Inloes et al. (1983) reported increased plasmid stability in
that often do not readily produce a biofilm. In addition, a E. coli cultures immobilized in a non-selective hollow fiber
number of these cultures produce highly toxic intermediatesystem. Taxis du Poet al. (1987) reported increased sta-
and byproducts such as vinyl chloride (Alvarez-Cohen andility in plasmid pTG201 in carrageenan encapsuldted
McCarty, 1991a). For these reasons, the application of mangoli cultures. Both of these studies attribute the increased
TCE degrading cultures in either reactor-based or in-sitplasmid stability to: (a) mass transfer limitations creating
bioremediation would be impractical for full-scale use.  slower biofilm cell growth rates, (b) the possibility of higher
Attempts to utilizeB. cepaciaPR1 in biofilm reactors to rates of plasmid transfer due to cell-to-cell proximity, and
treat vapor phase TCE had limited success during shortc) the reduction of structural instabilities in the recombi-
term operation (Shields et al., 1993). However, during long-hant cells. Similar results using different plasmid/host sys-
term treatment the biofilm cultures readily lost their ability tems and different immobilization techniques have been re-
to degrade TCE at a significant rate (Sharp et al., 1997ported by other researchers. (Nasri et al., 1987; Kumar and
Sharp, 1995; Shields et al., 1996). This apparent loss obchugerl, 1990; Sayadi et al., 1989).
TCE degrading ability was noted by decreased efficiency, In biofilm cultures, a number of researchers have found
lack of biomass accumulation, and eventual failure to designificant plasmid transfer may reduce the probability of
grade TCE. This failure may be attributed to a number ofplasmid loss (Levin et al., 1979; Saye et al., 1987; Stewart
possible phenomena, including chemical toxicity, plasmidand Carlson, 1986). In contrast, Huang et al. (1993) found
instability, lack of biofilm production and/or cell injury decreased stability of the industrial plasmid pMJR1750 in
(Sharp, 1995). To exploit more effectively the unique deg-E. coli DH5 when grown as a biofilm. The decrease in
radative capabilities of TON], and other environmentally plasmid stability was attributed to plasmid copy number
relevant plasmids in a biofilm-based remediation procesgsiifferences between suspended and biofilm cultures and the
one must first understand the behavior and characteristics afietabolic demand of the production of the biofilm extra-
the plasmid-bearing populations in biofilm culture. cellular matrix polymers, the production of which compete
The key to developing an efficient, reliable TCE degrad-for plasmid maintenance/replication energy.
ing biofilm system is finding a suitable host to harbor and To utilize certain recombinant plasmids in environmental
express a degradative plasmid such as TQMCharacter- remediation systems, specific plasmid/host interactions
istics for a suitable host include: an ability to readily attachmust be well understood. In addition, the use of plasmid
to a surface and produce a biofilm, a resistance to TCErecombinant microorganisms, such Bs cepaciaPR1;.
related injury and/or toxicity, and an ability to retain and (TOMs, ), in open systems mandates research into the fun-
express the plasmid-borne pathway during long-terndamental plasmid/host processes that influence plasmid re-
growth. Microorganisms carrying plasmids are susceptiblgention, stability, expression, and transfer within a biofilm
to both segregational and structural instability, both ofsystem. This article reports on the laboratory evaluation of
which can lead to the permanent loss of a desired plasmidhe retention and expression of the TCE degrading plasmid
borne phenotype or genotype. Factors affecting plasmid staFOM,, .in the hosB. cepacial 7616 in biofilm cultures and
bility include: immobilization and attachment (Dykhuizen includes the use of a modified segregational plasmid loss
and Hartl, 1983; Huang et al., 1993; Inloes et al., 1983 mathematical model, which employs kinetics for both the
Kumar et al.,, 1991) nutrient availability and limitations growth and detachment of biofilm cells. In addition, this
(Huang et al., 1994; Jones and Melling, 1984; Jones et alarticle compares previously reported plasmid-loss results
1980; Sayadi et al., 1989), plasmid copy number (Jones dbund for suspended cultures of B. cepacia 17616 TQM
al., 1980; Peretti and Bailey, 1987; Sayadi et al., 1989with the biofilm culture results described here (Sharp et al.,
Uhlin and Nordstrom, 1987), growth rate (Seo and Bailey,1997).
1985; Stewart and Carlson, 1986; Taxis du'tPeeal.,
1987), and selection (Lauffenburger, 1987; Tiedje et a"MATERIALS AND METHODS
1989; Wood et al., 1990). Although most research on plas-
mid stability has focused on suspended cell cultures (Dwil- ]
vedi et al., 1982; Dykenhuizen and Hartl, 1983; Ensley,l:’lasrmdll'IOSt System
1986; Grandi et al., 1981; Kadam et al., 1987; Noack et al.TransconjuganB. cepacial7616 (TOM;,) was used in all
1982; Primrose et al., 1984; Roth et al., 1980; Roth anduspended and biofilm experiments to evaluate plasmid
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maintenance, expression, and stability in biofilm cultures.of the Tom pathway. Where TFHA (7,7,7 TF2-hydroxy-
Plasmid TOM;,. presence in a cell was determined using6oxo-2,4-heptadienoic acid) is the product of TFMP once
either its kanamycin resistance, which is associated with theansformed by the Tom and C230 enzymes. The results
plasmid-borne Tn5 transposon insertion, or its ability tofrom the TFMP assays are reported as either the specific
utilize various hydrocarbons as substrates (pheryk-  Tom activity of the whole culture, referred to as the “Total
holderia cepacial 7616 was chosen as the host for TQM  TFEMP Activity,” or as the specific Tom activity relative to
because the bacteria has been well characterized (Cheng atfé plasmid-bearing fraction only, referred to as the “True
Lessie, 1994), and is known to attach readily to surfaces an@FMP Activity.”
produce significant amounts of biofilm (Murgel et al.,
1991). Plasmid-bearing strains of transconjugant Bose-
pacia 17616 and the original hod. cepaciaPR1 were Biofilm Culture Plasmid Stability and
supplied by Shields CEDB, Univ. West Florida, PensacolaActivity Studies
FL. Cultures of the original plasmid ho®urkholderia ce-
pacia PRl;;. (TOM3,), were used in a number of studies Twenty-four hour batch TCE studies were performed on
either as controls or for comparison B cepacial7616 surface samples taken from biofilm cultures&fcepacia
(TOM,, ) cultures. Glycerol/peptone frozen cultures PRL,;. (TOM3,). Biofilm cultures of B. cepacial7616
(=70°C) of plasmid-free and plasmid-bearing cultures werdTOMs, ) were cultivated on selective media (2vrphe-
maintained and used for starter cultures in all of the experinol-HCMM2 media with 50ug/mL kanamycin) in a rotat-
ments. Selective phenol-kanamycin agar plates and slants ofg annular reactor, collected and placed in 50 mL crimp-
plasmid-bearing cultures were maintained and re-streaketthp anaerobic serum bottles with 25 mL of HCMM2 media.
as needed. All experiments were inoculated with a culture oEach bottle was aerated with Quan filtered oxygen for 2
TOMg,, . bearing cells harvested from highly selective min to assure an excess of oxygen, then sealed with Tef-
starter cultures. In addition, all continuous flow experi- lon™ coated septa. TCE was added using a gas-tight sy-
ments, selective and non-selective, were run witwg0mL ringe at an approximate final liquid concentration of 2.8
of kanamycin in the initial reactor volume to insure that wM. Bottles were incubated upside down at 25°C, and
each experiment started with a pure plasmid-bearing culshaken for 24 h. Initial and final TCE concentrations were
ture. taken to determine if the resuspended biofilm cultures of
transconjuganB. cepacial7616-TOM,. were expressing

. the Tom pathway and capable of readily mineralizing TCE.

Media TFMP assays of resuspended, selective 17616 (7QM

Three different media were used in this research: (1) é)lofllm cultures were performed to quantify the spe-

it generl growth mecis,Lua i lucose (BG— (1 290 O 101, hese s yere conped i
10 g/L Tryptone, 5 g/L yeast extract, 5 g/L NaCl, 1 g/L P y rep P

glucose); (2) a non-selective media, hydrocarbon minima‘TOM3l°) (Sharp et al, 1997).
o . ' . Burkholderia cepacial7616 (TOM,J) biofilm cultures
media (HCMM2) amended with the non-selective carbon : . . .
. ) were grown on non-selective media to determine the stabil-
source, acetate (0.5-40Mnsodium acetate); and (3) a se- . o L o
. . ) ity and activity of TOM;, . in biofilm culture. These biofilm
lective media, HCMM2 amended with phenol (2Vjhand : .
. cultures were grown using a rotating annular reactor system
kanamycin (50ng/mL). Acetate was chosen as a non-

selective growth substrate becalsecepacial 7616 grows s_hown n F'gur? 1 Table | shows the physical and opera
. . .~ . tional characteristics of the two sets of annular reactor stud-

well on acetate, and acetate is easily analyzed using ion o .
les. The annular reactors were initially colonized under

chromatography and does not competitively inhibit the TCEbatch operation with a high kanamycin selection (ggf

degradative pathway. All non-selective agar plates were . AR i .
. . . : mL) to insure the initial biofilm was essentially all plasmid-
made with 15 g/L bacto agar (Difco, Detroit, Ml), while all . .
: - . . bearing cells. No cells were added to the system after in-
plasmid-selective plates using phenol were made with low

. . oculation. Biofilm studies were carried out at two different
carbon Noble Agar (Difco) to insure phenol was the sole : .
acetate concentrations, 4.8Mmand 8.2 nM, respectively.
growth substrate.

Once inoculated and colonized, annular reactors were op-
erated at a dilution rate of at least 1.0/h (about 5 times
TOMs,,, Specific Activities greater than the maximum growth rate of 17616) to mini-
mize the contribution of suspended cell growth. Sampling
The m-trifluoromethylphenol (TFMP) assay was used tothe annular reactors involved removal of 1 of the 12 poly-
indicate the expression of the Tom pathway by measuringarbonate slides located flush to the inside of the outer drum
the activity of the TOM,.encoded enzymes toluene ortho- of the annular reactor (see Fig. 1). A slide was removed
mono-oxygenase (Tom) and catechol 2,3 dioxygenasevery 2—3 d and was replaced with a sterile slide to maintain
(C230). The TFMP assay was carried out as per Sharp et atpnsistent flow characteristics throughout each experiment.
(1997). The TFMP assay allows for the quantification of theEach experiment was run in triplicate and utilized 12 bio-
specific activity (mg TFHA produced/mg-biomass-minute) film samples, one sample for each of the original 12 reactor
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Analytical Methods and Protocols

Plasmid Tomg, . Selective Direct Colony Transfer
Method (PSDCT)

The PSDCT method was used to determine total cell counts
and the fraction (0.01 to 1) of plasmid-bearing and plasmid-
free cells in a given culture. The method involved the steps
shown in Table Il, and was performed in triplicate on all
resuspended biofilm samples. Resuspended biofilm cells
were also used in the 24 h batch TCE disappearance studies
and in the TFMP specific activity assays.

Protein Assay

The protein content of all strains used was determined using
the enhanced BA Protein Assay (Pierce Co., Rockford, IL)
with a Milton Roy Spectronic 601 photo spectrometer. Cell
number vs. protein content, as well as A600 vs. protein
content calibration curves, were determined for each spe-
cific microbial stain harvested from each growth medium.
The protein assay was used as a measure of total biomass in
all of the TFMP assays, TCE disappearance assays, batch
suspended cultures, and biofilm culture studies.

Figure 1. Diagram of the rotating annular reactor used to study plasmid/Acetate Analysis

host interactions in biofilm cultures.

slides. Some of the experiments lasted as long as 30 d whi

Acetate concentrations were determined with a Dionex lon
Chromatagraph (model Al-450; Dionex Co., San Francisco,
CA) equipped with a pulse electrochemical detector (model
II5X300) using a 4mm lonpac AS10 column. Appropriate

others lasted only 15 d, due to either contamination or pre-

mature use of the 12 sample sl|de§. Table Il. The TOM selective direct colony transfer (PSDCT) method
Protein and acetate concentrations of reactor effluengsed to determine plasmid-bearing and plasmid-free cell numbers in bio-

were determined periodically throughout each experimentilm cultures?

Total cell, plasmid-bearing cell [p(+)], and plasmid-free cell
[p(-)] concentrations in both the biofilm and effluent

Procedure

samples were determined using the plastoid;, . selective 1
direct colony transfer method (PSDCT). Biofilm samples
for the PSDCT method were harvested from the annual?
reactor slides using the method described by Srinivasan et
al. True and total Tom specific activities of the biofilm
samples were determined using the suspended culture:
TFMP assay.

Remove sample slide from annular reactor and replace with
a sterile slide to maintain hydraulic flow regime.

Scrape and wash biofilm off of slide using 40 mLs of sterile
HCMM2 media and a sterile Teflon spatula.

Homogenize 40 mL sample at medium speed for 5 min to
separate cells and break up the EPS matrix.

Dilution plate sample on general growth LBG agar media
and incubate fo2 d at30°C to determine total cell
counts. (Total viable cell counts)

Transfer 100 LBG (general growth) colonies directly to
selective 2 M phenol-kanamycin low carbon agar plates
via a sterile toothpick.

Incubate selective platesrf@ d at30°C and count all
colonies. This number represents all of the colonies that
have an active Tom pathway and still contain the Km
resistance associated with pTQM

Perform a TFMP colony assay on selective plates, and count
the number of TFMP positive colonies. This count
represents the plasmid bearing and pTOM active colonies.
Only colonies that grew up on selective media and were
TFMP positive were considered to be plasmid-beafing.

5
Table I. Physical and operational characteristics of annular biofilm re-
actors.
6
Parameter/characteristic Annular reactor
Reactor surface area (ém 1900
Dilution rate (H%) 1.0 7
Volume (mL) 600
Number of slides 12 (16 cfreach)
Flow rate (mL/min) 10
pH 7.4
Temperature (°C) 2715
Rotational speed (rpm) 50-60

Number of non-selective runs

®The PSDCT method was performed in triplicate to give three values for
6 (3 at each acetate concentratiorfotal cell counts, and plasmid-free and plasmid-bearing cell fractions for

4.8 and 8.2 vl) each sample.
Number of selective runs 3 (each at a growth ratémp) PEvery colony that grew on selective media was also found to be TFMP
positive.
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calibration curves were determined for each set of acetatplasmid-free population densities, and their relative growth

samples. kinetic parameters.
For a system where there is no measurable growth rate
Suspended Culture Studies differential between the plasmid-bearing and plasmid-free

The suspended culture plasmid stability studies that are rggopulations, the above simplifications cannot be made;
ferred to in this article are described in detail by Sharp et alEquations (1) and (2) must be solved numerically using
(1997). These CFSTR studies were performed using thénite difference methods. To directly solve either Equation
same substrates and similar substrate concentrations aft)) or (2), expressions for the biofilm detachment rétg.}
growth rates as were used in this study. Plasmid loss in thand growth rate() must be obtained.

CFSTR studies was determined using the PSDCT method. TCE degradation kinetics fd8. cepacia(17616-TOM, ),
Acetate growth kinetics for both the plasmid-bearing andalong with the acetate growth kinetics of both the plasmid-
the plasmid-free strains of 17616 were determined fronbearing and the plasmid-free strains of 17616 were reported
these continuous flow, suspended growth studies. All of theearlier (Sharp et al., 1997). Single substrate Michaelis-
analytical techniques were the same as described here fbtenten saturation kinetics were used to model the TCE

the biofilm studies. biodegradation by 17616 (TOM,). Andrews inhibition ki-
netics for 17616 acetate growth [Eq. (3)] were used to
MATHEMATICAL MODELS model acetate growth of both the plasmid-bearing and plas-

Plasmid loss in biofilm cultures was described using a modmid-free strains of 17616. Acetate growth kinetics were
ified version of a model presented by Huang et al. (1993)determined to evaluate whether or not the plasmid TQM

a system of equations based on mass balances of the pldt¥d a metabolic demand on the growth of 17616. The re-
mid-bearing [p(+)] and plasmid-free [p(-)] cells in the bio- sultant kinetic expression [Eq. (3)] was used in the plasmid
film. The following assumptions and operating conditionsloss model.
were made to simplify the model:

_ Pmax S 3
1. No cells are introduced into the system after initial in- M= ® 3)
oculation. <KS+ S+ E)
i

2. The system is operated at a high dilution rate (I3),h

thus any detached cells will have a short residence time A kinetic expression used for detachment rafg.)) of

(D > 0.2 i) in the reactor. This operating condition, piofilm cells was developed by Camper and Jones to model
combined with the first condition, allows one to assumethe detachment of coliform biofilm cells in a rotating annu-
that the rates of growth of suspended (detached) cellfgr reactor. The model determines a biofilm detachment rate
within the system are negligible (Dilution rate, 1.0'%  when the influent and effluent cell concentrations are

growth rate, 0.22 - max). known and when the dilution rat®) and the specific area
3. Plasmid presence or loss in a population does not affegbr biofilm formation @) are constant.

attachment or detachment rates of these cells. )
4. The relative amount of plasmid-bearing cells and plas- ; (Kpi = Rpi-a

i o2 . = — | - A Xpo
mid-free cells, detached from the biofilm is identical to Koee=2{ Y (t—t_p) D/2(Xp01 + Xooia)
the relative amounts of each population within the entire — X = X, 4

. g . . . . . bi bi—-1 ( )
biofilm. This assumption tacitly implies that the two ) ) - )
strains do not spatially stratify within the biofilm, thus ~ The resulting expression for the probability of plasmid

their rates of detachment from the biofilm are assumed td0SS in biofilm cultures can be determined using the plas-
be equal Kyt = Kuetr = Kyer)- mid-free cell mass balance [Eq. (1)], whekecan be ex-

d_pressed by the Andrews substrate inhibition model [Eq. (3)]

With these assumptions, the accumulation of plasmi andK.; can be expressed by the biofilm detachment model

bearing cells and plasmid-free cells in a biofilm culture

becomes a function of attached cell growth, plasmid Ioss[Eq' @)
and biofilm detachment rate: dB"
Plasmid-bearing biofilm cells: ot n o+ Ky B
dB'/dt = w" B* — p u" B* -Kyor B” (1) p= = ()
Plasmid-free biofilm cells: :
dB—/dt = p~ B™ +p w B - Ky B @) Plasmid loss in biofilm cultures was then compared to

) eglasmid loss in suspended continuous cultures, which has
Huang et al. (1993) solved this model for a system wherg,qo reported by Sharp et al. (1997) in a companion article.

the plasmid-bearing cells exhibited a different growth rateryqy tilized a steady-state suspended culture plasmid loss

than the plasmid-free cells. Using a number of substitution:§n0de| presented by Bailey and Ollis, shown here as Equa-
and dimensionless population fractions, Huang et al. deﬁon (6). '

rived a linear algebraic expression for the plasmid loss fac-
tor, p, as a function plasmid-bearing population densities, INX*(t) = InNX*(0)—p 't (6)
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RESULTS 1.4E+08 A

1.2E+08 ; ;;n—w
1.0E+08 /’\/
. . = 8.0E+07 // /

Results from 24 h TCE disappearance studies show tha@

suspended and biofilm cultures of both the transconjugant, 8-0E+07 j---—=-
B. cepacial7616 (TOM,, ), and the original hosB. cepa- 4.0E+07 e M ]
cia PR, (TOM3; ), removed over 90% of the initial 2.8 2 0E+07
nM TCE. These results indicate that the transconjugant . . . ‘ . \\
17616 (TOM,;J can maintain and express the TCE degra- 0 5 10 15 20 25 30
dative pathway under selective growth (phenol) conditions

in both suspended and biofilm cultures. Plasmid-free strains 4 5g.o8
of 17616 were used as negative controls, and demonstrated

Tom Specific Activity and TCE Disappearance
Studies on Selective Cultures

Is/cm*2)

Biom

B

no removal of TCE in the 24 h studies. g 1.0E+08
Figure 2 shows the true TFMP specific activities of both & g.0e+07
17616 (TOM;,0 and PR}, (TOM3,) in suspended and 3

6.0E+07

biofilm cultures, and plasmid-free strains of both 17616 and%
PR1 in suspended culture. All suspended and biofilm & 4.0E+07
samples shown in Figure 2 were harvested from highly se-2
lective reactors at an equivalent growth rate of approxi-

mately 0.2/h. These results indicate that the biofilm cultures 0.0E+00

2.0E+07

have a significantly lower activity than the suspended cul- 0 5 10 15 20 2 30
tures. The lower specific activity may be a result of either: Days
(1) assay interference caused by the extracellular polysac- F.— Total —m— p(-) Celis —a— p(+) Cells—‘

charide associated with the biofilm culture, a lower growth

rate resulting from the time required to sample the biofilm,Figure 3. Population dynamics within the annular reactor biofilm cul-
which may lead to down regulation; or (2) the influence oftures. Results show the change over time of the total, plasmid-bearing,
EPS which may have increased the amount of protein med)_lasmid—free cell populations in annular reactors operate(Ant0.2/h

. . g ... which corresponds to an acetate concentration of /8 and(B) 0.22/h
sured in the sample, thus lowering the true specific activity,, . ., corresponds to an acetate concentration of SV m

Biofilm Studies
These average growth rates correspond to the average ac-

Figure 3 shows the results from two biofilm studies indi- o5te concentrations of 4.8Nhand 8.2 M, respectively,
cating the dynamics of the total, plasmid-free [p(-)], and¢qr these two runs (Sharp et al., 1997). As can be seen, the
plasmid-bearing [p(+)] 17616 populations over time alioia| number of cells continued to grow with increasing
growth rates of either 0.2/h (Fig. 3a) or 0.22/h (Fig. 3b).{ime eventually leveling-off at a pseudo steady-state con-
centration. The number of p(+) cells initially increased

10 with time as the accumulation rate was greater than the
plasmid-loss rate, then decreased as steady state was
reached. The p(-) populations experienced long initial log
phases, then increased constantly until a pseudo-steady state
was reached. The constant or steady increase in p(-) cells
represents the dB/dt term found in Equation (5).

Figure 4 shows the p(+) fraction of cells and the total and
true TOM activities for the same two experiments as biofilm
growth approached a steady-state total cell density. These
results demonstrate that as the plasmid was lost, i.e., the
fraction of p(+) cells decreased, the total TOM specific
activity of the total populations decreased. Yet, the remain-

Spec. Activity (mg TFHA/mg prot-min.)

17616 p(+) PRI p(+) 17616-p() ing p(+) cell fraction maintained a relatively constant true
. TOM specific activity.
- \
Bl s Suspended Figure 5 shows the fraction of plasmid-free cells in both

. . o _ the reactor effluent and the biofilm for each of the growth
Figure 2. Plasmid TOM true specific activities as measured using the

TFMP assay. Results are shown for the transconjugant 176165]Otile rates. The effluent cells represent only detached biofilm

original plasmid host PR1-TOM, and a plasmid-free control harvested CEllS, because the dilution rate (1.0%hwas much greater
from both suspended and biofilm cultures. than the respective growth rates (0.2 and 0.29.1As can
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Detachment rates were determined from the cell concentra-

:’" ) - tions and the specific characteristics of the annular reactors.
Z, - 108 4 Table Il summarizes the average results from both sets of
£ 5 7 7078 biofilm experiments and the biofilm plasmid-loss modeling
E . \\“\\ lgs &  effort.

g 7L A 8 L _foag

g \__  to3%

= . Z{‘gA 7 2o T gf - DISCUSSION
0 by 1 : \‘\- 0

s 10 s 20 s 0 Results from the 24 h TCE disappearance assays show that

0
5 biofilm cultures of transconjuganB. cepacial7616
Y — 1 (TOM3, can degrade TCE and express the Tom pathway
7 - . ,/,!—09 at levels equivalent to those of the original host and to
;‘g 6 T g‘; 2 suspended cultures. Comparison of TFMP specific activities
25 lesx  Of 17616 (TOM,) in biofilm cultures vs. continuous flow
£ 4 055 suspended cultures show that the biofilm cultures have a
& 04 § lower true specific activity than the suspended cultures. Fig-
% 2 g: g ure 6 shows a linear function of the suspended culture true
E o1 TFEMP specific activities vs. growth rate and the true TFMP
0 ‘ l Lo specific activities for the respective biofilm cultures. It can
0 5 10 15 20 £ 30 be seen that the TFMP specific activities of the biofilm
DAYS cultures are significantly lower than those found for sus-
| —4— Total TFMP —e— True TFMP —m-— Fract. P(4 | pended cultures at the same growth rate. These results in-

_ , _ _dicate that although the transconjugant 17616 (T,QMan
Figure 4. Results from annular reactor studies showing a decrease in - .
plasmid-bearing cell fractions and total TFMP specific activities with rela- S%'IC_CeSSfu"y express the plasmld_bome Tom pathway ,In
tively constant true TFMP specific activities for each of the two reactors. DIOfilm culture, this expression is less than that observed in
(A) Growth rate of 0.2/R%, and(B) Growth rate of 0.22 H. suspended cultures.

There are a number of possible reasons for this decrease
in specific activity in biofilm cultures including: (1) the
be seen, the same relative fractions of p(-) biofilm cellsmetabolic priority to produce extracellular polysaccharide
detached from the biofilm as there were growing in the(the biofilm structural matrix) may decrease the activity or
actual biofilm. This continuity indicates that there was noexpression of the Tom pathway; (2) mass transfer limita-
preferential detachment of either cell type from the biofilm tions within the biofilm may result in a lower growth rate
and support assumptions 3 and 4 which were made whefhan expected from the Andrews inhibition kinetics, thus
developing the plasmid-loss model. decreasing the Tom expression and activity; (3) effects of
Using the unsteady-state modified version of the Huangyoth the time and method used to sample and suspend the
et al. plasmid-loss model, plasmid-loss factors for the twopjofilm sample may allow for down regulation of the Tom
sets of biofilm studies were determined. The model incorpathway: (4) particles of extracellular polysaccharide (EPS)
porated the Andrews inhibition kinetics coefficients 8r i, the samples may interfere with either the conversion of
cepacial7616 growth on acetate (Sharp et al., 1997) andrppp to TFHA, or increase the apparent protein content in
the Camper and Jones (1997) biofilm detachment modef,e sample, both would decrease the true TFMP specific
activity. Mass transfer limitations were assumed to be to
minimal due to: (1) the relative thinness of the biofilms

Y [ . (10-100um), (2) the completely mixed environment within
9 VY s the reactors, and (3) the high dilution rate at which the
oA I — Y 4 — reactors were operated. Although maintenance energy can-

not be ignored, the effects of down regulation during sample
preparation and the effects of EPS particles are considered
to be the most likely reasons for the decrease TFMP specific
e activities.
T Results from the biofilm plasmid-loss experiments dem-
00 150 200 250 onstrate that significant plasmid loss in 17616 (TQM
| .. Generations _ e also occurs in biofilm culture (Figs. 3, 4, and 5). Equation
|—— 4.8 mM Biofilm —&— 4.8 mM Effiuent —0— 8.2 mM Biofilm —8-8.2 mM Efﬂuent—’ . . .
e (5) was used to determine the plasmid-loss probability fac-
Figure 5. Comparison of plasmid-free cell fractions in both the effluent tOr for the biofilm studies. This equation includes both the
and biofilm samples over time for each of the annular reactor studies. experimentally determined Andrews kinetic parameters [Eq

P(-) Fractions of Total
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Table Ill.  Average plasmid-loss modeling results for biofilm cultures.

Number of  Average specific Average Average Average acetate
runs at each growth rate detachment rate  plasmid-loss concentration
Set# growthrate  (h™) [Eq. (3)] (WY [Eq. (4)] factor [Eq. (9)] (mM)
1 3 0.22+0.013 0.10+.03 0.029 +0.006 4.8
2 3 0.21+0.026 0.17 +.035 0.036 + 0.007 8.2

(3)] and biofilm detachment parameters [Eq. (4)] and isexpression is physiologically detrimental to its host. Thus,
shown below in its entirety. the results seen in the Huang et al. culture are considered a
consequence of the specific industrial plasmid/host system.
B (0499 Conversely, the 17616 (TOM)) is a plasmid/host system

) derived from an environmental isolate and involves only a

transposon mutation and a natural transconjugation; hence,
(X=X 1) a major conflict between gene expression and biofilm for-
P A R LN PNV )B‘ mation was not anticipated.

L ( (-t (Xoi = Xoi-) In many industrial and pharmaceutical plasmid/host sys-
p= 0.49S . tems, plasmid instability is expected and compensated for
7 2N by using highly controlled reactor systems. In bioremedia-

4.5+ S+— tion applications, a stable, highly active plasmid/host sys-

9.8 (") tem is desired for both regulatory and process control pur-

Figure 5 illustrates that the population dynamics and disPOSes: E)_u;_lresultls provi?e Ievidg(?/(r:]e for higher Ztat_’”ité’
tributions exhibited in the biofilm cultures are the same a2Mong blolim cu tures of plasmid/host systems derive

that found in the detached effluent cells. This result is im-T0M €nvironmental isolates. In addition, the comparison
portant, for it verifies that there is no preferential biofilm between continuous culture and biofilm culture plasmid sta-

detachment of p(-) or p(+) cells in either of the studies. Thisbility results are contrary to the conventional belief that net

verification helps support the validity of the plasmid loss plasmid-loss de_creases in biofilm cuiltures due to the oceur-
model and the results reported here. rence of plasmid transfer and slower growth rates in the

Comparison between the plasmid loss factors found fopiofilm.. One possible. explanat_ion is that the biofilm cells
the previously reported suspended continuous culture@re losing their plasmids at a higher rate than the suspended

(Sharp et al., 1997) and the biofilm cultures of (17616_cells, but an increase in plasmid transfer from plasmid-
TOM,,)) are shown in Figure 7, plotted as a function of bearing to plasmid-free cells within the biofilm negates the
growth rate. The results indicate that there is little or nohigher loss rate resulting in an equivalent net plasmid-loss.

significant difference in the probability of plasmid-loss be- Results from other suspended and' biofilm continuous cgl-
tween the two culture types. Results suggest that there is fyre experiments (Sharp, 1995) using other no_n-_selectlve
advantage or disadvantage to biofilm growth for this plas-9' owth substrate_s (LBG qnd_pht_halate) also exh|b|t_ed con-
mid/host system. These results are contrary to Huang et a§_|derable p_lasmld Ioss_, indicating that the p'aS”?'d !OSS
(1993), who found that growth in biofilm culture created g hoted here is not an ar.t|fact of acetate gr_omh, but is either
higher segregational plasmid loss vs. suspended culture inaﬁconsequence of contmuou_s culre, Wh'_Ch IS suggested by
high copy number plasmid/host system. The higher cop)5 e work of o_thers (Dwilvedi et al., 1982; Primrose et ql.,
number and marker gene system, inherent to the pMIR27 '84),.or an m_herent segregational loss process associated
plasmid, used by Huang et al., is highly unstable and jthith this plasmid/host system.
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Figure 6. Comparison of true TOM specific activities for suspended and Figure 7. Comparison of plasmid loss factors for suspended and biofilm
biofilm cultures ofP. cepacial7616-(TOM,,,). cultures ofP. cepacial7616-TOM;, .
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Physiological differences among attached cells and sus- p plasmid loss factor
pended cells could always play a role in the increase or ; d:'““"?‘drgte (_’“mg_) i coll density (cello/é
decrease in plasmid retention within a given bacterial cul- ~_ plasmid-bearing biofilm cell density (cells/cn
. h . . . B plasmid-free biofilm cell density (cells/cin
ture. With this specific plasnj|_d/host system,_and the envi- Ky the detachment rate (tim8
ronmental and growth conditions under which they were x,, effluent bulk-fluid cell concentration at time poinfcells/mL)
studied, it appears that the plasmid TQMs equally stable Xpoi  influent bulk-fluid cell concentration at time poin{cells/mL)
in both suspended and biofilm cultures of the transconjugant 3 Sﬁec'f'c area (S“T(fjafce areflill"o'““;e of reaf_mr) (el
. iq . - Change In plasmid iree cell number over time (ce S’f(l:”

17616 (TOM’>1<‘) The high rate of apparent Plasm'd loss in dB*/dt change in plasmid bearing cell number over time (cell$/din
both the biofilm and suspended cultures indicates that some
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