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Abstract:

Trichloroethylene (TCE) is a United States Environmental Protection Agency Priority Pollutant. TCE
is mutagenic and a suspected carcinogen. TCE is recalcitrant in the environment and has been found to
be ubiquitous in soils and ground waters, globally. Use of TCE degradative pathways moderated by
enzymes, the expression of which redides on recombinant plasmids, to biologically degrade TCE is a
promising new technology to eliminate TCE.

One such TCE degradative pathway is the toluene ortho-monooxygenase (TOM) pathway which is
borne on the recombinant plasmid pTOM. Research presnted here examines the ability of pTOM
pathway to degrade TCE in two different host cells, the original plasmid host Pseudomonas cepacia
PR1 and a transconjugant Pseudomonas cepacia 17616. The goal of this research was to determine
those mechanisms that cause the loss of the TCE degrading phenotype, associated with pTOM, in both
suspended and biofilm cultures.

These mechanisms include plasmid instability within the host cell, cell toxicity caused by TCE
exposure, and cell injury caused by TCE exposure. In addition this research developed a protocol to
determine the severity of these phenotypic losses in any pTOM host organism. With the use of several
novel reactor systems, analytical methods, and protocols were developed to determine the suitability of
P. cepacia 17616 as a host for plasmid pTOM.

Batch studies indicate that P. cepacia 17616 is able to incorporate pTOM and degrade TCE at rates
equal to those of other pTOM hosts. Plasmid stability experimental results showed significant
segregational plasmid loss in P. cepacia 17616-pTOM in non-selective suspended and biofilm cultures,
resulting in almost complete loss of plasmid-bearing cells within 30 days of operation. Continuous
culture plasmid loss studies showed that the probability for plasmid loss per cell generation was a
function of growth rate and ranged from 0.025/generation at a growth rate of 0.065 hr-1 to 0.035 at a
growth rate of 0.17 hr-1. Results indicate there was no significant difference in the probability of
plasmid loss between suspended and biofilm culture, suggesting that biofilm growth does not affect
plasmid stability the P. cepacia 17616-pTOM system.

Use of a novel TCE vapor exposure reactor system showed the TCE exposure can cause serious injury
and toxicity to P. cepacia 17616 and can result in catastrophic loss of the TCE degrading phenotype in
P. cepacia 17616-pTOM cultures. In addition, the severity of both cell injury and toxicity was found to
be a function of TCE exposure time and TCE concentration.

Research here indicates that plasmid loss, cell injury, and cell toxicity are significant mechanisms that
can result in the detrimental loss of pTOM pathway expression and these mechanisms should be
considered in any plasmid mediated catabolism of a toxic waste.
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ABSTRACT

Trichloroethylene (TCE) is a United States Environmental Protection Agency
Priority Pollutant. TCE is mutagenic and a suspected carcinogen. TCE is
recalcitrant in the environment and has been found to be ubiquitous in soils and
ground waters, globally. Use of TCE degradative pathways moderated by
enzymes, the expression of which redides on recombinant plasmids, to
biologically degrade TCE is a promising new technology to eliminate TCE.

One such TCE degradative pathway is the toluene ortho-monooxygenase
(TOM) pathway which is borne on the recombinant plasmid pTOM. Research
presnted here examines the ability of pTOM pathway to degrade TCE in two
different host cells, the original plasmid host Pseudomonas cepacia PR1 and a
transconjugant Pseudomonas cepacia 17616. The goal of this research was to
determine those mechanisms that cause the loss of the TCE degrading
phenotype, associated with pTOM, in both suspended and biofilm cultures.
These mechanisms include plasmid instability within the host cell, cell toxicity
caused by TCE exposure, and cell injury caused by TCE exposure. In addition
this research developed a protocol to determine the severity of these phenotypic
losses in any pTOM host organism. With the use of several novel reactor
systems, analytical methods, and protocols were developed to determine the
suitability of P. cepacia 17616 as a host for plasmid pTOM.

Batch studies indicate that P. cepacia 17616 is able to incorporate pTOM and
degrade TCE at rates equal to those of other pTOM hosts. Plasmid stability
experimental results showed significant segregational plasmid loss in P. cepacia
17616-pTOM in non-selective suspended and biofilm cultures, resulting in almost
complete loss of plasmid-bearing cells within 30 days of operation. Continuous
culture plasmid loss studies showed that the probability for plasmid loss per cell
generation was a function of growth rate and ranged from 0.025/generation at a
growth rate of 0.065 hr" to 0.035 at a growth rate of 0.17 hr'. Results indicate
there was no significant difference in the probability of plasmid loss between
suspended and biofilm culture, suggesting that biofilm growth does not affect
plasmid stability the P. cepacia 17616-pTOM system.

Use of a novel TCE vapor exposure reactor system showed the TCE
exposure can cause serious injury and toxicity to P. cepacia 17616 and can
result in catastrophic loss of the TCE degrading phenotype in P. cepacia 17616-
pTOM cultures. In addition, the severity of both cell injury and toxicity was found
to be a function of TCE exposure time and TCE-concentration.

Research here indicates that plasmid loss, cell injury, and cell toxicity are
significant mechanisms that can result in the detrimental loss of pTOM pathway
expression and these mechanisms should be considered in any plasmid '
mediated catabolism of a toxic waste.




Chapter 1

Goals And@bﬂ“@@tﬁveg

1.1 Goal

The goal of this work is to determine the fate and activity of pTOMj,, in the
transconjugant host Pseudomonas cepacia 17616 under non-selective and
"pTOM,,.-selective" growth co‘nditions in both suspended and biofilm cultures in

order to ascertain the host’s applicability to a TCE biofilm reactor.

1.2 Thesis Statements
Hypothetically, the stability and activity of plasmid pTOM31c¢ in the
transconjugant host, Pseudomonas .ce;;acia 17616, may be different in
suspended versus biofilm culture. This research project will determine the
stabili’gy and activity of plasmid pTOMj;,, in the transconjugant host
Pseudomonas cepacia 17616, in both suspended and biofilm\cultures.
Further, this prbject hypothesizes that TCE toxicity, plasmid stabiiity, and

injury caused by TCE exposure will result in the significant loss of the TCE

degrading phenotype of B. cepacia 17616-pTOMj;.




1.3 Motivations

This research was initiated to determine the applicability of PTOM3lcto a TCE
biofilm reactor, and determine the causes for the apparent loss of the TCE
degrading phenotype in both suspended and biofilm cultures. Further, this
research was concieved in order to develop an understanding of the extent and
severity of phenotypic losses in caused by plasmid/host interactions and the
exposure to TCE. Finally, there exists a need to will establish a protocol for
determining toxicity, plasmid loss, and injury in pTOM3lc bearing

microorganisms.

1.4 Objectives
m Determine growth characteristics for plasmid bearing and plasmid free P.
cepacia 17616 cultures under non-selective (acetate) and selective (phenol)

growth conditions.

m  Determine the plasmid loss coefficient for pTOM3Icin P. cepacia 17616 under

non-selective (acetate growth) conditions in suspended and biofilm cultures.

m  Determine the activity of plasmid pTOM3Icin suspended and biofilm P.
cepacia 17616 cultures when grown under selective and non-selective

conditions.



3
m Determine the cometabolic TCE degradation kinetics of P. cepacia 17616-
pTOM3Ic cultures and the effect of TCE exposure on the metabolic activity and

health of 17616-pTOM3lc



Chapter 2

Hntrr@@ﬂu@itﬁ@h

Contamination of soil and groundwater by organic pollutants has been the
focus of much research in recent years. Some of the most notable cqntaminants
in America’s aquifers are volatile érganics, a large number of which are
chlorinated aliphatic compounds. Trichloroethylene (TCE - CICH=CCl,) is a
chlorinated ethene and a member of the chlorinated aliphatic family. Often used
as a degreaser, TCE has remained a popular solvent and is used by a great
many industries (Westerick et al 1990). TCE ié a U.S. Environmental Protection
Agency priority pollutant and is one of America’s most ubiquitous and recalcitranti

groundwater contaminants (Love and Eilers 1982).

2.1 General TCE Biodegradation

Many methods have been developed for remediating TCE laden soil‘and
groundwater. The most common technologies are (1) volatilization into the
atmosphere, (2) pump and treat methods using physicochemical processes, and

(3) incineration. Many of these technologies involve transfer of the pollutant
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from one phaée or state to another and do not involve actual destruction of the
contaminant. This fact, along with the legalities, inefficiency, and cost of these
non-biological TCE treatment technologies, have prompted intense research into

the biodegradation of TCE (Travis and Doty, 90).

2.2 Anaerobic TCE Biodegradation

‘ Although TCE is quite recalcitrant in nature, a number of anaerobic bacteﬁa
have been founa capable of its degradation. These anaerobes include: the
methanotroph Methylosinus trichosporium OB3b (Oldenhuis et al 89), a number
of propane-utilizing Mycobacterium (Wackett et al 89), two isoprene-utilizing
~ Alcaligenes denitrificans (Ewers et al 90), the éutolithotroph Nitrosomonas
europaea (Arciero et al 89) and two consortia of méthanogenic bacteria (Fogel ét
al 86, Vogel and McCarty 85). Each of these anaerobic TCE degraders utilizes
different oxygenases to carry out reductive dechlorination of TCE, which often
results in the production of the highly recalcitrant and mutagenic vinyl chloride
(Vogel and McCarty 85). Also, anaerobic biodegradation of TCE can be as
much as ten fold slower and less efficient than aerobic bio;:legradation
brocesses (Bouwer and McCarty 83, Bouwer et al 81, Freedman and Gossett
89, Kleopfer et al 85). ‘For these reasons, researchers have been searching for

aerobic cultures capable of degrading TCE.




2.3 Aerobic TCE Biodegradation

In recent years, a number of bacterial consortia and isolates capable of
aerobic degradation of TCE have been discovered. Some of the more widely
known aerobic TCE degraders include: a heterotrophic consortia (Fliermans et al
58), Pseudomonaé butida F1 (Nelson et al 87) (Wackett and Gibson 88),
Pseudomonas mendencina (Winfer et al 89), Pseudomonas pickéﬁii PKO1
(Kaphammer et al 90), Pseudomonas florescens (Vandenbergh and Kunka 88),
Pseudomonas _putida B5 (Nelson et al 88), and Burkholderia cepécia G4 (Nelson .
et al 86). The majority of these aerobic TCE degraders utilize a toluene
oxidizing pathway tc; degrade TCE. Most notable of these toluene oxidizing TCE
degraders are P. putida F1 and B. cepacia G4. The biochemistry and TCE
dégradative pathwgy of B. putida F1 have béen well characterized (Finette et al
84; Gibson et a‘l 82; Subramanian et aI_‘ 85; Wackett and Householder 89;
Wackett and Gibson 88). In addition, the TCE degradative capabilities of G4,
and the novel pathway By which it is performed, have received significant
research attention (Nelson et al 86,87,88; Folsom and Chapman 91; Folsom et
al 90; Shields and Reagin 92; Shields et al 95).

Rates éf aerobic TCE biodegradation obtained from batch reactor studies
have been reported for a number of microorganisms. Monod TCE degradation
kinetics for the inducible Burkholderia cepécia G4 include a maximum specific
activity, Vmax, of 8 nMol TCE/min-mg protein and a half saturation constant, Km,

of 4 uM TCE (Folsom et al 90). Initial TCE degradation rates for M.
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trichosporium OB3b, B. butida F1, and B. cepacia G4 PR1-pTOM,,, were found
to be 35 nMol TCE/min-mg protein at 80 uMTCE, 1.8 nMol TCE/min-mg p,rotei‘n_‘
at 80 uM TCE, and 1 nMol TCE/min-mg protein at 20 uM TCE, respectively |
(Tsien et al 89, Wackett and Gibson et al 88, Shields and Reagin 92). : These
published TCE degradation rates differ greatly because many of the
microorganisms utilize different toluene oxygenase systems. In addition, TCE
degradation rates can vary greatly depending on the growth rate of the cel[s and
the carbon/energy source used. It is difficult to determine which microorganisms
are most efficient in degrading TCE because all of the phyéiologi‘cal and

environmental variables present during the respective studies.

2.4 Burkholderia cepacia.G4

Resent research has been performed on the environmental isolate
Burkholderia cepacia G4 to determine the mechanism by which it mineralizes
TCE. Results show that B. cepacia G4 degrades TCE via a plasmid-borne
cometabolic pathway that must be induced by one of the following: phenol,
toluene, m-cresol, o-cresol, or catechol (Folsom et al 90). In addition, a novel
pathway involving the toluene degradation pathway has been discovered
(Nelson et al 87, Shields et al 95). This pathway involves the sequential
hydroxylation of toluene at the ortho- and meta- positions to form 3-

methylcatachol (Shields et al 89). Furthef, research has shown the involvement
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of a plasmid borne sequence that encodes for toluene ortho-monooxygenase
(tom) in the TCE mineralization process (Shields et al 91).

Like most aerobic TCE degraders, B. cepacia G4 utilizes a cometabolic
pathway to degrade TCE. "Cometabolism" is defined as the mefabolic
transformation of a substance (TCE.) while a second substance serves as t’he
primary energy and/or carbon source (quck and Madigan 88). This definition of
cometabolism is reserved for aerobic microorganisms only, and must involve
oxygenase enzymes and the depletion of oxygen during the cometabolic process
(Dalton and Stirling 82). Along with a co-metabolite, B. cepacia G4 and most
other aerobic TCE degraders also ‘requir'e‘ an inducer to activate the genes
respo'nsible for cometabolic 'TCE degradation. Induction of these cometabolic
systems is typically by the primary carbon source/co-substrate, which is usually
an aromatic compound that can induce the toluene oxidizing pathway required
for TCE degradation. |

A number of published papers have demonstrated the efficiency of B.
cepacia G4 in degrading TCE under various conditions using the appropriate‘
inducers (Folsom and Chapman 91, Folsom et al 90, Ensléy énd Ku‘risko 94,
Landa et al 94). Results from these studies show that both toluene and phenol
can be used effectively as inducers/co-substrates for TCE degradation.
However, both toluene and phenol demonstrate competitive inhibition with TCE

which can adverse‘ly. affect the TCE degradation process (Folsom et al 90). The

competitive inhibition demonstrated with these inducers/co-substrates, along
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with the need for induction of the cometabolic TCE pathway by'an aromatic
compound, has led researchers to derive a TCE constitutive strain of B. cepacia

G4.

2.4.1 Plasmids and TCE degradation

Plasmids are circular, double stranded, extrachromosomal DNA'sequences
that are not essential for cell g‘rowth and have no extracellular form.
Plasmids can be t‘rafr\ismitted‘ from one celi to another via replication,
transconjugation, transduction, or transformation. Not only are plasmids self-
replicating within the cell, but many cells carry multiple copies of their plasmids.

Most aerobic TCE degrading microorganisms carry fhe genes responsible for
TCE degradation on a plasmid. In addition, these plasmids usually code for
expression of the cometabolic toluene oxidizing pathway proteins that must be
induced by an aromatic compound, the primary metabolite. One such plasmid is
the large plasmid found in previously mentioned environmental isolate B.

cepacia G4.

2.4.2 Plasmid pTOM;;,,

The plasmid pTOM,,,, (Figures 1 and 2) is a transmissible plasmid that
includes gene sequences which encode for all of the proteins needed for
constitutive mineralization of TCE via a cometabolic pathway; the newly defined

TOM (toluene ortho-monooxygenase) pathway. These proteins include toluene
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ortho-monoxygenase (TomA) and catechol 2,3 dioxygenase (C230 or TomB)
(Shields et al 95). Plasmid pTOMj,, alsé includes a Tn5 transposon insertion
which is a transposable DNA sequence containing a kanamycin resistance
marker (Figure 3). Two plasmid maps showing the locations of tomA, tomB
(C230), and tomR (tom regulatory region), along with the areas of Tn5
homology, are showh in Figures 1 and 2.

The TOM pathway’s involvement in the aerobic mineralization of TCE has
been definitively chgracteriéed in the literature (Shields and Reagin 92, Shields
et al 95). Plasmid pTOM;,, could have a' number 61‘ important applications in the
field of bioremediation. For example, this plasmid could be transferred into
indigenous bacterial populations to increase the TCE degradative activity of in-
situ bioremediation, or it could be applied to highly effective reactor-based

remediation technologies like TCE degrading biofilm reactors.
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Figure | - Restriction Map of Plasmid pTOM3lc
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Figure 3 - Genesis of the Constitutive TCE Degrader Burkholderia cepacia PR1-pTOM31c Via TnS Transposon
Mutagenesis
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2.4.3 B. cepacia PR1-pTOMs;,,

B. cepabia PR1-pTOM,, is a transposon mutant of the environmental
isolate B. cepacia G4. Like B. cepacia G4, B cepacia PR1 -pTOMm; is capable
of aerobic TCE degradation via the'cometabolic TOM pathway. B. cepacia
PR1-pTOM;,, was obtained by the insertion of a Tnb transposon into the large
plasmid of B. cepacia G4, then re-inserting plasmid pTOM,,, into B. cepacia G4.
The resulting phenol revertahts ére capable of aerobic TCE degradation via a
constitutive cometabolic pathway (refer to Figure 3) (Shields et al 91) without an
aromatic inducer and without the possible detrimental effects of competitive
inhibition. In addition, the simple Tn5 insertion resulted in a G4 mutant carrying
the plasmid pTOM,,,, which includes all of the constitutive TCE degradative
pathway and the kanarhycin resistance associated with fhé Tnb transposon

(Shields et al 95).

2.5 Biofilms and Biofilm Reactors:

Most bacteria found in nature are associated with a surface (Marshall 76)
Surface-associated bacteria are physiologically different than suspended
bacteria and can be fouhd embedded in an extracellular polysaccaridic (EPS)
matrix. Interactions between attached cells and their environment are strongly |
affected by mass transfer effects, hydrodynamics, and other transport
phenomena (Characklis and Marshall 90). Surface-associated bacteria have

been designated as biofilms (Costerton et al 87). Biofilms include all surface
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associated microorganisms in any environment, and are considered a unique
and relatively new area of microbiologicai/bioengineering research.

Biofilms can be both detrimental and beneficial. Some examples of
detrimental biofilms include biofilms that mediate corrosion of pipes in water and
oil distribution systems, biofilms that cause fouling of cooling towers and heat
exchangers resulting in inefficiency and increased pressure drop, and biofilms
that infect the human body and biQmedicaI prosthetics which are difficult and/or
impossible to kill. However, biofilms can also be beneficial. Biofilms that remove
pollutants from water and wastewater have been uséd for hundreds of years.
More recently, biofilms have been used in bioremediation technologies to
degrade and attenuate xenobiotics found in industrial effluents, groundwaters,
and soils. A list of various bioremediation applications of biofilms are shown in

Table 1.

2.5.1 Biofilm reactors for biodegradation of organics including TCE

A number of papers have reported the use of anaerobic and aerobic biofilms
to degrade organic compounds. The literature is full of instancés, both bench
scale and field scale, where biofilm reactors of one type or another have been
used to treat simple aromatic pollutants such as phenol, cresol, and the less
volatile gésoline components benzéne, toluene, ethyl-benzene, and xylene
(BTEX). There are only a few‘examples of biofilm reactors being used

successfully to treat TCE laden effluents. Speital and Leonard (92) used a
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Table 1 - Applications of Biofilms In Reactor Based

and /n-situ Bioremediation Processes

Bioremediation Need

Biofilm Process Application

1 - In-situ removal of

xenobiotics from soil

and groundwater (in-
situ)

| Bacteria associated with soil surfaces are considered

a biofilm and may be capable of degrading various
xenobiotics (BTEX, TCE, PAHs, etc.). Various
techniques can be employed to enhance the
degradative capabilities of the indigenous bacteria
(addition of oxygen, nutrients, co-substrate).

2 - Reactor based -
technology for removal
of xenobiotics in
groundwater.

Pump and treat systems where the removed ground
water is treated using engineered biofilm reactors
(packed columns, fluidized bed reactors, and rotating
disk biofilm reactors).

3 - Removal of metals
from industrial waste
streams and production
effluents.

Reactor based biofilm processes with metal binding
| bacteria colonized on packing surface.

| 4 - Removal of organics,
nitrate, sulfate, and
ammonia from waste
waters.

Trickling filters, activated sludge reactors, and
fluidized bed reactors used in community and
industrial waste water treatment facilities to maintain
effluent water quality.

5 - Treatment of volatile
organics in vapor waste
streams, soil vapor
extraction processes,
concentrator effluents,
and soil venting
technologies.

Vapor phase biofilm reactors using engineered

| biofilms grown on inert packing.

Biofilters using surface associated indigenous

bacteria present on peat, compost, and other naturally

occurring media.

6 - Biobarriers

Introduction of large quantities of bacteria down an
injection well to develop a cylindrical biofilm "plug"
radiating from the well screen. Used to attenuate
polluted groundwater flow.

7 - Bioaugmentation

Introducing selectively enriched microorganisms into |
the subsurface to enhance biodegradation capabilities
of attached microorganisms.




16

anaerobic biofilm reactor to treat TCE. annell et al (93) used a methonotrophic
attached ﬁlm;xpanded bed reactor to degrade TCE at a maximum rate of 0.8
mg TCE/g VSS-day. Théré are a few other accounts of anaerobic biofilm
reactors used to treat TCE (Strandberg et -ai‘ 1989). H-o,wever, most of these
processes involve slow Qrowing and low yield anaerobic cultures that do not
readily produce a biofilm. In addition, many of the anaerobic TCE
biqdegradation rates are extremely slow and would be impractical for long term
use in reactor based bioremediation applications. N

Researchers have been trying to apply aerobic TCE degraders to biofilm
reactors With limited success and little literature on aerobic TCE degrading
biofilm reactors can be found. A few attempts have been made to utilize biofilm
reactors to treat either liquid and vapor TCE wastes using pure cultures of TCE
degrading microorganisms. Some of tHese attempts have had limited success
during short term operatioh. However, when these systems were used for long
term treatment of TCE waste, many lost their ability to degrade TCE at a
significant rate. This apparent loss of TCE degrading ability was noted by
decreasing efficiency, lack of biomass accumﬁlation, and failure to degrade
TCE. There are a number 6f explanations for such failures. Figure 4
enumerates phenomena to which the apparent loss of a plasmid borne TCE
degrading phenotype of a particular microbial population can be attributed.
These phenomena include toxicity, plasmid instability, and cell injury. In

addition, mono- and engineered mixed culture systems operated under field or




Figure 4 - Apparent Losses of Plasmid Borne TCE Degrading Phenotype
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non-sterile conditions can suffer from competition and predation by invading
microorganisms. Other TCE degrading microorganisms may be washed out of
the biofilm system due to both their inability to attach té the reactor packing and
their inability to produce a significant biofilm.

The key to develop‘ing\an efficient, réliable TCE degrading biofilm Areactof is
finding a suitable host to harbor and express the desired TCE c:Jegrading plasmid
phenotype. Suitable host characteristics include: ability to produce copious
amounts of biofilm, resistance to TCE related injury and toxicity, and ability to

retain and express plasmid during long term operation and other favorable

plasmid-host intera_ctions.

2.6 Loss of TCE Degrading Phenotype - Toxicity, Plasmid Stability,

aﬁd Cell Injury. -

Loss of é TCE degrading phenotype in TCE de.gradi'ng biofilm processes has
been noted by many researchers. Many times, the performance of TCE
degrading biofilms in long term application is not as effective as observed in
short term experiments. The lack of efficiency can be attributed to scale-up
factors and poor reactor design. However, many times it is a decline in the
health and activity of the TCE degrading biofilm cells that is affecting reactor
performance. When TCE degrading cells are grown in a biofilm and exposed to

TCE for a prolonged period of time, a number of physiological changes can
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occur that result in the loss of the desired TCE degrading phenotype. Such

physiological changes include toxicity, plasmid instability, and injury.

2.6.1 Toxicity

Death or permanent inactivation of a given microbial population can occur
when the population is exposed to a toxié substance either in a sufficiently high
concentration or for a long enough period of time to fatally affect the function of
the cells. Toxicity can involve severe damage to the'cell wall and cell membrane
which in turn can cause cell lysis and ‘Iosé of the cell's structure and function.
Cell lysis is usually caused by anti-microbial agents, strong solvents,
endogenous proteolytic enzyhes, strong acids, or highly reactive substrates
dissolving the cell wall. Toxicity can also involve permanent damage to a
desired phenétype‘ or set of genes within the cell’'s chromosomal or accessory
DNA. This form of toxicity may be caused by the toxin itself or the production of
harmful intermediates or by-products. Toxicity of this nature is very common in-
TCE degrading microorganisms.

Intermediate and product toxicity among TCE degrading methane oxidizing
cultures has been noted by Alvarez-Cohen and McCarty(91a and 91b) and
Janssen et al (87). This type of toxiqity results in decreased TCE degradation
along with decreased methane conversion, thus 'Ieading one to believe that the
whole pathway for methane oxidation (and TCE degradation) has been

damaged (Ely et al 95). Other accounts of intermediate toxicity among phenol
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and methane oxidizing TCE and DCE degraders (Bie'lefeld et al 95) and toluene
oxidizing.bioﬁlm cyltures ( Arcageli et al 95) have been presented in the
literature.

Toxicity is an obvious concern when designing TCE biéfilm reactors. Unlike
cells iﬁ continuous flow stir tank reactors or batch stir tank reactors, biofilm cells
are continuously exposed to a relatively steady, low level concentration of TCE.
Some environmental and nutrient conditions may decrease intermediate and
product toxicity effects; but ultimately, the degree of TCE relatéd toxicity will be a
function of the '.I'CE concentration, toxigenicity to the cell, and the pathway

utilized to degrade TCE.

2.6.2 Plasmid Instability

Plasmids may place a metabolic burden upon their host cell because of the
energy needed for their maintenance and replication. This burden may or may
not be signific?nt depending on the plasmid/host relationship and the total
amount of accessory DNA the cell is maintair'1ing. Depending'on the growth
conditions, plasmids méy increase the fitness of the cell, even if those growth
conditioné do not select for the plasmid (Bouma and Lenski 88, Zund and Lebek
80). |

The interactions between a given plasmid and its host can ndt be

generalized. Each plasmid-host relationship has uniqué characteristics and
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differs from one plasmid type to another in the ‘samle cell. -Plasmid-host
relationships can be strongly influenced by growth and environment conditions.

Microorganisms carrying plasmids are susceptible to plasmid instability which
can lead to the loss of a desired plasmid;borne phenotype, or complete loss or
inactivation of a desired plasmid-borne genotype. Plasmid instability can occur
in two ways: (1) segregational instability and (2) structural instability.
Segregational instability is the consequence of random and irregular separation
of a plasmid between daughter cells during cell divisioh, and leads to new
generations of daughter cells that do not contain the plasmid. The plasmid free
daughter cells produced by segregation'arl instability will have lost all of the
genotypes/phenotypes carried on that plasmid, including all selection markers,
anti-microbial resistant sequences, and any amended DNA seq‘uences such as
transposons and other insertion sequences. Structural instability of a plasmid
involves the actual change or recombination (deletion, insertion, and
rearrangement) of a single gene or several genes il\’l the plasmid. Structural
instability can result in a portion of the plasmid DI\'JA being incorporated into the
ch'romosomal DNA. In addition, structural instability may involve the loss of a
certain plasmid borne phenotype, but not the loss of other phenotypes carried by
the plasmid. For instance, structural instability of plasmid pTOMj,,, may result in
the loss of the TCE degrading phenotype, but not the loss of the plasmid borne

kanamycin resistance. Since most TCE degrading microorganisms carry their
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TCE degradative ability on plasmids, plasmid stability will be a major factor

affecting the performance of TCE bioreactors.

Plasmid stability in suspended culture

Due to increased environmental concerns and the promise of genetic
manipulation in biotechnology related industries, much research on the stability
of plasmids in suspended cell cultures has been performed (Sherrat 82, Ensley
86, Ollis 82, Noack et al 82). Such research has focused on determining the
factors that g'overn\ plasmiq stability and expression in well controlied suspended
pure culture systems (Grandi et al 81, Kumar et al 91, and Seo and Bailey 85).
In addition, a number of kinetic models ha\{e been developed to quantify and
predict plasmid loss in suspended culture (Summers 91).

Researchers have found that plasmid maintenance can reduce the overall
growth rate of cells in continuou_é cultu're (Uhlin and Nordstrom1978, Peretti and
Bailey 87). While Chao et al (83), and Bouma and Lenski (88) note instances
where plasmid maintenance élid not result in a growth rate dilsadvantaée relative
to the plasmid bearing cells. Results indicate that plasmid maintenance can
actually enhanced cell health even under non-selective conditions.

| Researchers have measured significant segregational plasmid loss under
both non-selective (Grandi et al 81, Kade\1m et al 87) and highly selective (Peretti
et al 89, Wood and Peretti 91, Roth et al 80) continuous growth conditions.

Noack et al (82) have shown structural instability of plasmid pBR325 in E. coli
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cultures where certain antibiotic resistances are lost ét a slower rate than other
plasmid borne antibiotic resistances. Other researchers have found that plasmid
loss can be decreased or eliminated by using either a selective growth
substrates or antibiotics that are selective for the plasmid (Tiedji et al 89).

Dyhuizen and Hartl (83) review the effects of continuous culture growth on
plasmid stability and expression and suggest that continuous culture may either
enhance or deter plasmid stability depending on the plasmid/host sys_tem and
the growth factors involved. Dwilvedi et al (82) found plasmid stability was
increased in coﬂntinuous E. coli cultures, while stability significantly decreased
when the cultures were grown in batch. Additionally, certain methods for
increasing\p'lasmi‘d stability require continuous culture dynamics (Primrose et al
84, Roth and Noack 82).

It is obvious that the plasmid-host relationship is unique for any given
plasmid-host system; however, a number of environmental and physiological
factors have been found to influence plasmid stability that may have some
general implications. A list of these factors are presented in Table 2. Kumar et
al (91) preseht a review of strategies for improvinél plasmid stability. Many of
these strategies include cellular/molecular techniques used either to control
plasmid partitioning during cell division (Austin 81, Summers and Sherrat 84) or
t6 kill plasmid free cells after segregation (Lauffenberger 87, Gerdes 88, and
Rosteck and Hershberger 83). Other plasmid stabili-zing strategies include

bioprocess control strategies to separate plasmid free cells from the culture or to
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Table 2 - Factors Affecting Plasmid Stability and Retention.

Environmental and Physiological Factors

Growith Rate - Increases plasmid loss with

increased growth rate.

m References

Stewart and Carlson 86
Taxis Du Poet 87
Seo and Bailey 86

Plasmid copy number - decreased plasmid
loss rate with increased plasmid copy number.
Plasmid copy numbers can range from 1 to
700. '

Jones et al 80
Sayadi et al 89
Uhlin and Nordstrom 79

Carbon to nitrogen ratios - Increased
nitrogen growth conditions can increase

| plasmid stability.

Huang et al 94
Sayaldi et al 89

Selection - Selection of plasmid using a
selective carbon source or antibiotic resistance
markers can increase plasmid retention in a

given population.

| Lauffenberger 87

Tiedje et al 89

" | Wood et al 90

| Nutrient Limitations - Nitrogen, phosphorous,
potassium, magnesium, and carbon limitations
| may either increase or decrease plasmid

| stability.

Godwin and Slater 79

Jones and Melling 84
Jones et al 80
Noack et al 82

Immobilization and Attachment - plasmid
bearing populations that are immobilized or in
a biofilm culture may display either increased

or decreased plasmid stability.

Huang et al 93
Kumar and Schugerl 90
Inloes et al 83
Dykhuizen and Hartl 83

Exposure to injurious or toxic substances -

injury and toxicity may lead to increased

plasmid loss.

-| Ridgway 94
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inhibit the growth of pla’smid free cells (Stephens and Lyberatos 92, Siegel and

Ryu 85, and Henry et al 90).

Plasmid stability in biofilms

When compared to suspended cultures, biofilm and immobilized cells may
experience increased plasmi‘d stability for two reasons: 1) the prox\imity of
immobilized and biofilm cells to one another may improve intra-cellular transfer
mechanisms and 2) the mass transfer limitations in biofilm and immobilized cell
systems. Because immqbilized and biofilm cells exist in close proximity to one
another, the likelihood of plasmid transfer by cbnjugation could be increased.
Thus the net rate of plasmid loss may be decreased when the number of
plasmid transfers from plasmid bearing cells to plasmid free cells is included.
Due to mass transfer limitations, there is the tendency for growth rate gradients
to develop within immobilized and biofilm cultures systems. Since plésmid loss
has been shown to be a function of growth rate, the cells experiencing a slower
growth rate due to nutrient and carbon source,lirﬁitations may also experience
decreased plasmid loss.

Inloes et al (82) have reported increased plasmid stability in E. coli cultures
immobilized in a non-selectivé hollow fiber system. Taxis du Poet et al (86) saw
increased stability of plasmid pTG201 in k-carrég‘eenan encapsulated E. coli
cultures. These results are attributed to mass transfer effects resulting in slower

growth rates, the possibility of increased plasmid transfer, and the reduction of
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structural instabilities. Similar results using different plasmid/host systems and
different immobilization techniques have been reported by Nasti et al (87),
Sayadi et al (89), and quar and Schrugel (90).

In biofilm cultures, a number of researchers have found significant plasmid
transfer that may result in a net decrease in plasmid loss ( Levin et al 79,
Stewart and Carson 86, Saye et al 87). .In contrast to these reports, Huang et al
(93) found decreased stability of plasmid pMJR1750 in E. coli DH5a when grown
in a biofilm. This decrease was attributed to copy number differences between
suspended and biofilm cultures and the energy needed for productio'n_ of the
biofilm extracellular matrix polymers that might competé for plasmid
maint_enance/replication energy. As with suspended plasmid bearing cultures,
biofilm plasmid béaring cu‘ftures have their own unique plasmid/host

'characteristics.. In order to utilize certain recombinant plasmids in industrial
microbial systems, specific plasmid/host interactions must be well understood

irrespective of whether the system involves suspended or attached cells.

2.6.3 Cell injury caused by exposure to toxic or injurious
substances
The word injury is generally used to explain the loss of a given phenotype
under certain environmental conditions. Injury differs from toxicity in that injury
implies that the lost phenotype can be regained under non-selective general

growth conditions. The concept of injury in microorganisms arose in the water
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treatment industry where coliforms an'd other indicator microorganisrﬁs were
found to be "inactivated" but not killed by traditional chlorine disinfection
(Camper and McFeters 79, LeChevaliier and McFeters 85, Waters et al 89). The
-key element to injury that mak@s it such an intriguing phenomena is that the cells
can recover to 'their full pre-injury capacity. A number of challer;ges including:
chlorine and other antimicrobial agents, specific rﬁetaboliteé, oxidative
conditions, DNA damaging agents, and hyd.rocarbon exposure have been shown
to cause microbial injury (I.:{idgeway. et al 94, Arcangeli et al 95).

Injury can be determined in a number of ways, the simplest of which are
growth-related methods. Injured cells ére non-culturable on selective media, yet
they are recoverable on general growth media. By com‘paring the differential
microbial counts on selective and non-selective plates, one cén get an idea of
the extent of injury experienced in a given microbial populati‘on (McFeters et al
86).

Injury, however, is a poorly understood phenomena and to date there are no
mathematical models explaining its affect on engineered microbial systems.
Nevertheless, along with toxicity and plasmid instability, injury may be an

important element governing the performance of a TCE biofilm reactor.
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2.7 Plasmid Transfer

The growth of biotechnology and environmental-related industries has
prompted the need to exploit certain recombinant organisms possessing desired
phenotypes/genotypes in a variety of microbial systems. Since the persistence
and expression of a desired recombinant plasmid is uniquely dependent upon
the health, maintenance, and interactions of the plasmid-host 'syster|n,
techniques have been developed to increase the retention and expression of a
plasmid in a given microbial system. One method lconsis.ts of transferring the
plasmid to a more suitable host. Plasmid transfer can be done three ways:
transconjugation, transduction, and transformation. Figure 5 izllustrétes the three
plasmid transfer methods.

The method most commonly used to transfer a plasmid from one microbial
strain to another is transconjugation, often called " mating”. In this method,>a
plasmid-bearing cell conjugates with a plasmid-free cell via a pilus, resulting in a
new plasmid bearing cell. The new plasmid-bearing cell is called a
transconjugant. Not all bacteria are capable of conjugation and not all plasmids
can be transferred by this method. In ofder for a given plasmid to be transferred
by conjugation, the donor cell must contain the proper transfer gene (tran) and
the plasmid must be mobile (mob genes). In addition, the recipient cell must be
able to incorporate, maintain, and express the plasmid in order for the

transconjugation to be successful.




29
2.7.1 Pseudomonas cepacia 17616-pTOM,,. - a traﬁsconjugant of
Burkholderia cepacia PR1-pTOM;,.. - |

Over two dozen transcohju,gants of éurkholderia cepacia PR1-pTOM;,. have -
been obtained. One of these transconjug;nts i.s Pseudomonas cepacia 17616-
pTOM;,,., which is an environmental isolate capable of producing copioﬁé
amounts of biofilm (Murgel et al 91 ). The DNA content of Pseudomonas cepacia
17616 has been well c‘haracterized by Cheng and Lessie (94), and it was chosen
as a host for plasmid pTOMj,, for both'its ability to produce a biofilm and its

apparent health and competitiveness in opén systems.




Figure 5 - Methods of Plasmid Transfer
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Chapter 3

Mathematical Models

/
{

3.1 TCE Dégradation and Bacterial Growth Kinetic Models

3.1.1 Single substrate saturation kinetics

Michaelis-Menten kinetics are used to describe ,the saturat,ion kinetics of
enzyme-catalyzed reactions. Enzyme saturation kinetics can be used to model
cometabolic TCE degradation because TCE degradation is driven by the
enzymes produced by the TOM pathway (Folsom et al 90, Landa et al 94,
Barrio-Lage et al 87, Shamat and Maier 80). 4Eq‘uation 3.1 is the Michaelis-
Menten enzyme saturation kinetic expression, where V is the specific activty of
the enzyme system ([TCE]}/min. - protein), Vmax is the maximum specific activity
of the enzyme system, and Km is the Michaeli; constant ([TCE]). The ar}10unt
of enzyme produced ina ceI'I is a function of growth rate, thus, since Michaelis-
Menten kinetics are a fuﬁction of the total amount of enzyme present, they are
. only valid in describing whole cell TCE degradation kinetics at a single growth

rate of the cells. The Michaelis-Menten kinetic expression can be used to

describe the TCE degradatioh kinetics of cells at a single growth rate.
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V. TCE ‘
(K_+ TCE ) (3.1)

Monod kinetics are the whole cell growth rate analog of Michaelis-Menten
specifc activ'ity kinetics. Monoc; saturation kinetics have been historically used to
model microbial growth that follows the same form as Michaelis-Menten enzyme
saturation kinetics (Monod 49). Data for the Monod kinetic model can be -
obtained from either a series of batch growth studies, each initiated at a different
substrate concentration or a series of continuous culture experiments, each run
at a different dilution rate. The parameters used in Monod kinetics iﬁclude the
maximum growth or utilization rate (p,,.,) and the half-saturatioﬁ constant (Ks).
Using methods presented in Appendix A, the specific growth rate for a given
system can be determined and plotted against concentration to yield a typical
Monod kinetics curve. The curve can be fit using the single substrate Monod

kinetics expression presented in Equation 3.2.
W= | (3.2)
3.1.2 Andrews substrate inhibition growth kinetics -

The Andrews substrate inhibition growth kinetics model is a modified version

of the Monod kinetic model (Andrews 68). Andrews kinetics account for
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inhibitory effects that may occur at high substrate concentrations. Using the
same methodology preéented in Apbendix A, a séries of initial growth rates can
be plotted against initial substrate concentration to give a standard growth rate
(u) versus substrate concentration curve. This curve can be fit using Equation
3.3 to détermine the following Andrews kinetic parameters: maxirﬁum growth
rate (M,..x), half-saturation constant(K,), and thg Andrews substrate inhibition
con‘stant.(Ki). From these parameters, the growth rate limit for a given set of
Andrews kinetic parameters occurs at a substrate concentration equal to the
square. root of the product of half-saturation constant gnd the Andrews inhibition

constant (K;*K,)"2.

b e Z (3

3.2 Continuovus, Suspended Cell Culture Pla;mid qus NModel

A model for plasmid-loss in continuous grdwth cqltures has beep developéd
by Ollis (82). The -mass balance on a plasmid-bearing population in a chemostat
includes cell growth (p), probability of segregational plasmid Ioss (p), and dilution

rate (D). Equations 3.4 and 3.5 are sterile feed, continuous culture mass
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balances for the plasmid- bearing(+) and plaémid-free(-) chemostat popula"tions,

respectively.

Plasmid-bearing:

dX+ :-(1 - p)IJX+ — DX+ (3.4)
at _
Plasmid-free: -
& = WX pux” - DX (3.5)

Equations 3.4 and'3..5 can be applied to a system wﬁeré plasmid
maintenance does not res;JIt in decreased cell growth rate (u* = p=p). Letting
the total biomass be the sum of the plasrﬁid-béaring and plasmid-free
populations in the system (X = X" + X*) and adding Equations 3.4 and 3.5, the
total biomass (X) will have a non-zero steady-state value (when dilution rate is
equal to the growth rate, D = p). In a steady-state chemostat system, ~the value

for plasmid-bearing cells (X*) as a function of time, obtained from the integration

of Equation 3.4, results in the following exponential decay expression:

¢ X (t) = X*(t).exp(-p:p.t) | (3.6)
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Equation 3.6 can be linearized to give Equation 3.7.
INX*(t) = InX*(0) - p.p.t (3.7)

Using Iéast squares linear regression, Equation 3.7 can be applied to the linear
portion of a In X* versus time data set. The ‘slo‘pe of ‘the‘ fitted line will give the
plasm'id loss fag’;or (p) for a continuous c;ulturé when the growth rate p is known '\
( slope = p.p and the growth rate, y, is equal to dilution.rate, D). This model was
used to determine the probability of segregational plasmid loss in suspended

continuous cultures of 17616-pTOMj,;.

3.3 Biofilm Culture Plasmid Loss Model

A number of models have been developed to describe plaémid loss in.biofilm:
| cultures. One such model, proposed by Huang et al (92), is based on three
 biofilm processes that dictate a mass balance on a developing culture \of biofilm
cells in a given systém: 1) Adsofption or deposition of cells on the systems
surface; 2) attached cell growth; and 3) detachment of biofilm cells.
The Huang model requires a number of assumptions and operating conditions
that are needed to simplify the system, including:

1) No cells are introduced in to the system after initial inoculation.
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2) The system is operated at a high dilution rate, thus any detached cells wnll
have a short residence time (Y.« < 0.2 D). This operating condition,
combined with condition one, enables the model to disregard the growth and

deposition of suspended (detached and influent) cells within the System.

/

3) Plasmid presence or loss in a population does not affect attachment or

detachment rates of these cells.

4) The relative amount of plasmid-bearing cells and plasmid-free cellé,
detached from the biofilm is identical to the relative amounts of each

popullation in the entire biofilm.

With the above process controls.and assumptions, the accumulation of
plasmid-bearing cells and plasmid-free cells in a biofilm culture be.com'e'
functions of attached cell growth, plasmid loss, and biofilm detachment rate.
Plasmid-bearing:

dB*/dt = p*B*- p.uB* - Kdet*B* - (3.8)

Plasmid-free

dB7/dt = p B+ p.p*B* - Kdet'B (3.9)
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Huang et al simplify this model for a system where the plasmid-bearing cells
have a different growth rate than the plasmid-free cells. Using a number of
substitutions and dimensionless population fractions, Huang et al derive a linear
expression for the plasmid loss factor, p. The expression is strictly a function of
plasmid-beafing population densit@es, plasmid-free .population densities, and
their respective Monod\'growth kinetic parameters.

For a system where there is nho measurable growth rate differential between
the plasmid-bearing and plasmid-free populations, the above simplifications
-cannot be made; and Equations 3.8 and 3.9 must be solved directly using finite ~ -
difference methods. In order to directly solve either Equation 3.8 or Equation
3.9, expressions for growth rate and detachment rate must be determined.

The growth kinetics of a certain populatic-)n, on a specific substrate can be
'determined using the appropriate kinetic model. Examples of such models are
presented in Equa’tion 3.2, the Monod kinetic model, and in Equation 3.3, the
Andrews substrate inhibition model.

A kinetic expression for the detachent rate (K, of biofilm cells, developed by
Jones et‘al (94), was used to model the detachment of coliform biofilm cells in a
rotating annular reactor. This model determines a biofilm detachment rate when the
influent and effluent cell concentrations are known and when the dilution rate and

the specific area for biofilm formation are constant.

X. - X.
Keer = 2(1/a (b’—bﬂ) - DR2((Xpor + Xpor1) = Xpi = Xpy)  (3:10)

Pl
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The plasmid loss factor for biofilm cultures can be determined using the plasmid-
free cell mass balance (Equation. 3.8), where p can be expressed by the
Andrewé substrate inhibition model (Equation 3.3) and K, can be expressed by

the biofilm detachment model (Equation 3.10):

- dB- ]
g H KB (3.11)

MUB*

3.4 Nomenclature
V - specific activity (substrate conc./(time * biomass conc.)).
Vmax - Maximum specific activity (substrate conc./(time * biomass conc.)).
Ky - Michaelis constant (substrate conc.)
M - specific growth rate (time™).
Hmax - Maximum specific growth rate (time™).
K, - Monod half-saturation constant (mMolar or mg/l).
K, - Andrews substrate inhibition half-saturation constant (mMolar or mg/l).
[TCE] - Concentration.of TCE (mMolar or mg/l).
'S - Concentration of growth substrate (mMolar or mg/l).
X* - Plasmid-bearing cell concentration(cells/ml).

X’ - Plasmid-free cell concentration(cells/ml).
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t - time(hr or days).
p - plasmid loss factor.
D - Dilution rate (/time).
B* - Plasmid-bearing biofilm cell density (celis/cm?).

B - Plasmid-free biofilm cell density (cells/crhz)_.

Kget - is the detachment rate (/time).

Xy; - Effluent bulk fluid cell concentration at time point i (cells/mi).
X,oi - Influent bulk fluid cell concentration at time poirﬁ i (cells/ml).

a - specific area (surface area/volume of reactor).

dB7/dt - change in plasmid free cell over time (cells/cm”~2-day).
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Chapter 4

Materials and Methods

4.1 Bacterial Strains

Burkholderia cepacia PR1-pTOM,,, were used for all initial lab and field
scale studies to determine the feasibility of applying a constitutive, aerobic, TCE
degrading plasmid pTOM to a TCE vapor phase bioreactor. B. cepacia PR1-
pTOM,g. and PR1-pTOM,,, are the original Tn5 transposon mutants of the
environmental isolate B. cepacia G4 (see Figure 3, Shields and Reagin 92).
PR1-pTOM strains are capable of aerobic, constitutive TCE mineralization via
the TOM pathway. Both B. cepacia PR1-pTOM,,. and B. cepacia PR1-pTOM,,.
have the same metabolic capabilities; however, pTOMj,,, bearing strains carry a
kanamycin resistance marker on their plasmid, while the PR1-pTOM,,, cells
carry a kanamycin resistance on their chromosomal DNA only.

The transconjugant Pseudomonas cepacia 17616-pTOM31c.was used in all
of the toxicity, plasmid loss, and injury studies. The 17616-pTOMj,, \
transconjugant was obtained by solid surface transconjugation between PR1-

pTOM,,, and 17616. Pseudomonas cepacia 17616 was chosen to be the
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transconjugant host of plasmid pTOMg,, for both its ability to produce a biofilm
and its apparent activity and competitiveness in open systems (Murgel et al 91).
The genotype of P. cepacia 17616 has been well documented by Cheng and
Lessie (94). Burkholderia cepacia PR1-pTOM,,. was also used for comparing
pTOM activity and expression results with P..cepacia 17616-pTOMj,.. Plasmid-
free strains of 17616 were used for growth kinetics and protein content
comparisons. Glycerol/peptone frozen cultures (-70 °C) of plasmid free and
plasmid-bearing PR1, and 17616 céll cultures were maintained and used for
inoculating starter cultures in all of the experiments. Selective phenol-kanamycin
agar plates of all plasmid bearing strains were maintained and re-streaked every

" week and phenol-kanamycin selective slants were re-streaked every month.

4.2 Plasmids

All of the research presented hgre was aiméd at determining the factors
affecting the application and exploitation of the recombinant blasmid pTOM. The
plasmid pTOM,s. was used in a PR1 strain to determine the persistenée of P.
cepacia PR1-pTOM,,. in lab and field scale TCE biofilm reactors.

Plasmid pTOM,,. is a 114 Kb plasmid containing the TOM pathway.
Plasmid pTOMs,, constitutively encodes for toluene ortho-monoxygenase (tom
A) and catechol 2,3 dioxygenase (C230) genes, as well as for all of the other
genes needed fof the aerobic, cometabolic mineralization of TCE (Shields and

Reagin 92). In addition, pTOMj,, contains a Tn5 transposon carrying the
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kanamycin resistance marker. A detailed map of plasmid pTOMs,,. is shown in
Figuré 6. This plasmid (refer to\chapter 1) was used in both a PR1 strain and a
1.7616 strain to determine its activity and expression in suspended and biofilm
cultures. In addition, the stability of plasmid pTOMS,,, in transconjugant host P.

cepacia 17616-pTOM,,, in suspended and biofilm cultures was determined.

4.3 Media

Four standard media were used in this research: 1) basal salts media
(BSM), amended with either non-selective phthalate or selective phenol; 2) rich
" general growth media - Luria Broth Glucose (LBG); 3) non-selective media,
hydrocarbon minimal media (HCMM2) amended with a non-selective, non-
inhibitory carbon source (acetate or phthalate); and 4) selective media, HCMM2

amended with kanamycin and phenol or toluene as a selective carbon sources.

4.3.1 Basal salts medium

Basa‘lrsalts mineral medium (BSM) was used as a rich nutrient medium forA
all of the initial lab and field scale studies using B. cepacia PR1-pTOM.,;.. _B—SM‘
was amended with either non-selective phthalate or pTOM-selective phenol as
carbon sources. The composition of BSM is given in Table 3. Agar plates of
BSM phenol, BSM phenol-kanamycin, and BSM phthalate were used to maintain
cultures and for determining both selective and non-selective cell gounts during

the initial lab and field scale studies.
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Figure 6 - A Detailed Restriction Map of Plasmid pTOM3lc
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4.3.2 Rich general growth medium - LBG

Luria broth glucose (LBG) medium was composed of 10.0 g/L tryptone, 5.6
g/L yeast extract, 5.0 g/L sodium chloride, and 1.0 g/L glucose in 1 liter of
distilled water. LBG was used in agar (15 g/L Bacto agar, Difco, Detroit, M)
form to grow aﬁd maintain plasmid-free cultures of P. cepacia 17616 and ‘PR1;
In addition, LBG medium was used as a general growth source to recover
injured 17616-pTOM,,. and PR1-pTOM,,, cells. Whenever a rich general growth ‘
source was needed, LBG was used. An all purpose growth agar medium was

made-with 15 mg/l Bacto Agar (Difco, Detroit, Michigan).

4.3.3 Non-selective growth medium - HCMM2 :sodium acetate

The non-selective growth media HCMM2, amended with sodium acétate as
a carbon source, was used for all non-selective suspended and biofilm culture
studies using 17616-pTOM,,,. The composition of HCMM2 is listed in Table 4.
HCMM2 was typically amended with 0.5 to 50 mMoles sodium acetate.
HCMM2-acetate medium does not exert a selection pressure for pTOM;,.. In |
addition, HCMM2- acetate medium does not inhibit pTOM activity, and both PR1
and 17616 grow and expréss the TOM pathway well with acetate as their sole
carbon source. All non-selective plasmid loss and activity experiments and all
non-selective growth ekperiments were performed using HCMM2-acetate
medium. Phthalate was occasionally substituted for acetate as an alternative

non-selective carbon source.
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Table 3 - BSM Medium Formulation

___Ingredients For Basal Media m Concentration

K,HPO,°3H,0 (anhydrous) . 74.2 g/L
NaH,PO,H,0 29 85 g/L
NH,Cl | 45.7 g/L

Note: pHto 7.2 | |

Ingredients for Trace Metals

Media
NTA diNa (nitrilotriacetic écid) 2.45 g/l
MgS0,-7H,0 3.88 g/l
FeSO,7H,0 232.9 mg/L
ZnSO,7H,0 57 mg/L
MnSO,-H,0 ' 57 mg/L

Dilute both media to 1X and

combine 1:1 for final media.
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Table 4 - HCMM2 Medium Formulation

lingredient - m Concentration
Na,SO, 2.84 gL
NH,CL 137gL
KH,PO, 1515 g/L
Na,HPO, 158 g/l -
NaOH ' toapHof7.2
CaCl, '7 11.25 mg/L
MgCl, N 45 mg/L
Add CaCl, and MgCl, after pH=7.2 -
is reached.
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4.3.4 pTOM selective medium

Phenol-kanamycin-HCMM2 ;elective medium was developed to select for
pTOM bearing cells. Neither PR1.nor 17616 plasmid-free cells can grow on
phenol. In addition, neither plasmid-free strain can remain viable in the
presence of kanamycin > 10 gamma (mg/L). Phenol-kanamycin medium selects
for both the TOM pathway and the kanamycin resistant marker associated with
the Tn5 transposdn. All plasmid-bearing starter cultures and plates were
maintained on selective medium. Selective agar medium was used in all injury
and plasmid loss studies. These plates were made with 15 g/L Noble Agar
(Difco) to insure that phenol was the only significant carb‘on source.

I

4.3.5 Growth substrates

Toluene and phenol were-used as selective growth substrates, because
both select for the TOM pathway. However, both toluene and phenol
competitively inhibit TCE degradation which is encoded for by the TOM pathway
(Folsom and Chapman 90).

Phthalate and acetate were used as non-TCE-inhibiting, non-selective
growth substrates. Concentrations of phthalate and acetate varied from 0.5 to
50 mM. LBG media was used as a rich general growth source. Kanamycin
may be added to HCMM2 acetate/phthalate and LBG media resulting in a
selective, non-inhibitory media. However, extensive use of this type of media

was impractical due to the cost of kanamycin.

i
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Table 5 shoWs a summary of the uses for each medium used in this

research.

Table 5 - Substrates and Their Uses in xthe‘ Studies Presented.

and non-competitive with .

Function of Media Specific Type of Bacterial Strain The
Medium Medium_is Used For
,

1) Non-selective for pTOM31c 1) LBG Medium

2) Acetate/HCMM2

3) Phthalate/BSM

Used to grow all
strains of 17616 and

PR1.

TOM pathway.

competitive with TOM

Pathwéy.

2 ) Plasmid selective, non-

Any non-selective

| media amended

with Kanamycin

~only the cells

carrying pTOMg,,

Used to select for

pathway.

3) Plasmid selective and.

| competitively inhibits TOM

1) Phenol

2)Toluene -

 select PR1-pTOM

and 17616-pTOM

{ strains

Used to grow and
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4.4 Growth and Activity Studies

4.4.1 Growth of PR1-pTOM,;. on non-se_lective, non-competitive

phthalate - BSM medium. \

Monod growth kinetics for PR1-pTOM,,, on phthalate-BSM media were
determined using a continuous culture reactor.’ Phthalate was chosen as the
" non-selective, non-competitive medium for PR1, because PR1 grows and
expresses the TOM pathway well when grown on phthalate as its sole carbon
source. Phthalate concentrations were determined by HPLC. Biomass
concentrations were determined by protein assay and dilution plating on general
media. A nc?n-linear spreadsheet based curve fitting routine, using least squares
error determ‘ination, was used to fit Monod kinetics to the phthalate growth data

(refer to Chapter 3).

4.4.2 Growth of 17616, 17616-pTOM,,., and PR1-pTOM,,, on non-

selective, nori-competitive acetate medium.

Growth kinetics for P. cepacia 17616 pTOMj,. on acetate-HCMM2 media
were determined using batch reactor studies. Initial acetate concentrations in
the batch studies varied between .5 mM and 50 mM of acetate. All batch
inoculation cultures were taken from selective media starfer cultures. Acetate
concentrations were determined using ion chromatography. Biomass |
concentrations were determined by one or more of the following methods-:

~

colorimetric protein assay, direct cell counts, or dilution plating on general media
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(total cfu). Growth data was modeled using Andrews substrate inhibition
kinetics. The observed Andrews kinetics for the P. cepabia 17616 strains were
used for experimental aesign and implementation into the plasmid loss models
presented in Chapter 3. .
Géneral growth studies for PR1-pTOM on acetate-HCMM2 medium were

performed in batch culture to compare the growth and activity characteristics of

PR1-pTOMj,. to those of 17616-pTOM;,..

4.4.3 Growth characteristics 1761 6-pTOM;,,, on selective medium

General growth characteristics of 1761éprOM316 on phenol -HCMM2
media were determined using batch reacfors. Phenol concentl;aﬁons were
determined using a phenol colorimetric assay and biomasé concentrations were
determined using the protein assay. Initiél phenol coﬁc'entrationAs ranged from

0.2 mM to 10mM.

4.5 Activity and Expression of pTOM '
The activity and exhression of the TOM pathway (pTOM specific activities)
were determined using two methods: the TFMP colorimetric assay and the TCE

batch disappearance assay.
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4.5.1 TFMP assays

The m-trifluoromethylphenol (TFMP) assay is a colorimetric assay used to
indicate the expression and activity of the TOM pathway (toluene ortho-mono-
oxygenase and catechol 2,3, dioxygenase). A diagram iliustrating how the
TFMP assay Works is shown in Figure 7. The TFMP assay can be performed in
three ways: 1) as a suspended culture assay to give the spécific activity of the
TOM pathway for a suspended cell culture , 2) as a biofilm culture assay to

determine the activity of the TOM pathway for a biofilm culture, or 3) as a colony

assay to make a positive/negative determination of TOM expression and activity.

Details and equations for these assays, aléng with calibration data, are provided
in Appendix A. The pTOM specific activities can be expressed as the pTOM
activity bf the total culture or the true pTOM'specific activity. The true pTOM
specific activity is the total pTOM specific activity corrected for the fraction of
p(-), dead, and/or injured cells measured in a given culture. The correction is
made by subtracting the fractions of biomass protein that are attributed to
plasmid loss, cell injury, and toxicity from the total biomass, and then using that

corrected protein value to determine the true pTOM specific activity.
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Figure 7 - TEMP Colorimetric Assay Used to Determine the Expression and

Specific Activity of the TOM Pathway.
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4.5.2 TCE disappearance assays.

Batch reactor TCE disappearance assays were performed using 120 mi
serum bottles equipped with gas tight mininert valves (Supelco, Inc., Bellefonte,
PA). Assays were conducted with 25 mis of either a PR1-pTOM,,. culture or a
17616-pTOM,, culture. PR1-pTOM;,,, cell samples were harvested from a 20
mM phthalate-BSM-40 gamma kanamycin continuous culture. The 17616-
pTOM;,,, samples were harvested from a 2 mM phenol-HCMM2 contiriuous

| culture. All continuous culture samples were concentrated to an Agy Of 1.
- Serum bottles were sealed with a mininert valve and Teflon tape. TCE was
introduced into each assay to give an initial liquid TCE concentration between
0.5 and 70 uM. Bottles were shaken for 2 minutes to equilibrate, and a vapor
sample from each assay was analyzed every 5-8 minutes until either the TCE
detection limit was reached or a distinct initial TCE degradation rate was noted.
TCE analysis was performed by gas chromatography. A dimensionless
Henry’a law constant (Hc = vapor TCE concentration/Liquid TCE concentration)
of 0.4 was used for the PR1-pTOM batch studies to determine liquid TCE
concentrations from the vapor TCE concentrations (Folsom and Chapman 91).
A dimensionless Henry's law constant of 0.38 (+ 0.03) was determined and used .
for the 17616-pTOMj, batch cultures (Appendix B). Cometabolic TCE
degradation kinetics for relevant TCE concentrations were determined for PR1-

pTOM,,. and 17616'-pTOM31c strains using linear and Michaelis-Menten kinetic
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models, respectively (Appendix C). Proper cell free controls and TCE calibration
curves were used for each set of experiments. |

In addition, a positive/negative TCE disabpearance assay was performed to
conclude the active presence of the TOM pathway. This simple disappearance
assay involved placing ~ 0.5 ppm TCE and a 5 ml cell sample into a 10 ml crimp
top bottle and sealed with a Teflon lined septum. The samplé was shaken and
incubated at 30 °C overnight and then analyzed for residual TCE. Cell free

controls were also performed.

4.6 Methods for Initial Lab and Field Scale Column Studies Using
PR1-pTOM,,,
Lab and field scale column studies were performed to determine the
applicability of PR1 as host for the pTOM plasmid in a TCE degrading bioﬁlm

reactor.

4.6.1 Lab column studies

Column studies utiIizing’a glass column system (shown in Figure 8) packed
with crushed oyster shell packing were performed using PR1-pTOM,,. as the
inoculum and phthalate as the primary growth source. The column system was
used to determine if PR1-pTOM23c could produce a competitive biofilm
population on oyster shell packing with phthalate as its only carbon source. The

column system was run as a full-recycle, fed-batch, trickling packed bed reactor.




Figure 8 - Diagram of Lab Scale Bioreactor Columns
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The reactor was operated in a batch fed mode with 2 liters of phthalate-HCMM2
medium which was drained and replaced every 2 days. During the two day
period the medium was recycled through the column with a residence time of
approximately 1 hour. The system was inoculated with 1 liter of PR1-pTOM,,,
cells at an A4y, of 1 under heavy kanamycin selection. The system was not
sterile because the oyster shell could not be sufficiently sterilized. Periodically
the batch feed solution was amended with 40 gamma kanamycin to select for
PR1-pTOM,; cells. |

. Daily analysis of the system included: measurement of phthalate
co‘ncentration, total heterotrophic cell counts in bulk fluid, selective cell counts in
bulk fluid, biofilm protein measurements, and a TCE disappearance assay on

biofilm/oyster shell samples.

4.6.2 Field scale column studies

A field study was conducted to determine the ability of PR1-pTOM,, to be
utilized in a large scale TCE vapor phase bioreactor (VPB.R) packed with
crushed oyster shell using both selective/inhibitory and noh-selective/non-
inhibitory carbon sources for staﬁ-up and operation. The reactor system was
set up at a TCE concentrator plant at the Hanscom Air force Base outside
Boston, Massachusetts. A diagram of the 110 liter, counter current VPBRs used
in the field is shown in Figure 9. Two VPBRs were used in this study, one cell-

free control reactor (uninoculated) and one test reactor. TCE vapor to be treated
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was the effluent from a TCE concentrator. TCE influent was fed to the VPBRs
from the bottom of the each reactor along with toluene vapor that was used as a
selective growth substrate. Nutrient media and liquid growth’ media were
introduced at the top of the columns at a rate of approximately 0.5 liters/hr.

Start-up of the test VPBR involved a large volume inoculation of PR1-
pTOM,;, ceils harvested from a continuous culture. Over 5 liters of high cell
density culture were added to the system at the top of the column for inoculation.
The system was also fed toluene vapor as a selective growth source to enhance
start-up and P-R1-pTOM23c biofilm formation. A number of different feed
scenarios involving toluene vapor, phenol-BSM medium, and phthalate-BSM
took place during the operation of the system. TCE vapor was introduced to the
columns after 27 days of reactor start-up and inoculation. When TCE was
introduced, 20 mM phthalate was fed to the reactor systems in place of the
inhibitory toluene vapor.

Oyster shell packing samples from both fhe test and control reactors were
taken every day at each of the three sample ports. Thé oyster shell samples
were analyzed for the following: total heterotrophic cell numbers using LBG,
protein content using the protein'assa.y, pTOM activity using the TFMP bio1.‘i'lm
assay, and PR1-pTOM,,, cell number using phenol-Km-HCMM2 selective plates.
Samples of the effluent liquid were also analyzed for total cell counts, protein

content; PR1-pTOM,,, cell counts, and carbon source concentration. TCE vapor
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was analyzed at the inlet, outlet, and all three of the sampling ports in each

column.

4.7 Methods for Plasmid Stability and Activity Studies Using P. cepacia
17616-pTOM,,,
Stability and activity of pTOM,,, in the transconjugant host P. cepacia
17616 was determined in both suspended and biofilm cultures -undgr non-

selective growth conditions.

4.7.1 Suspended culture plasmid stability and activity studies

Batch experiments

Experiments using PR1-pTOMj,. and the transconjugant 17616-pTOM,;,
growing on non-selective acétate-HCMMQ media were carried out to compare
pTOM acﬁvitieé, acétate growth characteristics, and pTOM;w plasmid stability
between the two strains during batch growth. A series of growfh studies at
acetate concentrations ranging from 2-20 mM were performed. Acétate

growth characteristics were determined by monitoring acetate and biomass -

concentrations over the duration of each complete batch growth curve (Appendix

D). Plasmid pTOM,,. activities wére determined periodically during each batch
experiment using the TFMP suspended culture assay and the TCE

disappearance assay.
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Total, plasmid-free, and plasmid-bearing cell concentrations were
determined periodically throughout each batch growth study to monitor the loss
of plasmid pTOMj,. in the batch 17616-pTOMj,, cultures. Total cell numbers
were determined by dilution plating on'LBG agar plates. Plasmid-free cell count
to total cell count ratios and plasmid-bearing cell count to total cell counts ratios
were determined using the pTOM,,.. selective direct-colony transfer (PSDCT)

method.

Continuous culture experiments

Acetate fed chemostat studies were carried out to determine the stability
and activify of pTOM,,. in host 17616 during continuous culture. The chemostat
system used is shéwn in Figure 10. Chemostats Were run at a number of
different dilution rates ranging from 0.06/hr to 0.19/hr. Steady-state values for
pTOM specific activity were determined every day for each dilution rate, Qsing
the suspended culture TFMP assay to determine if p TOM activity was a function
of growth rate. Steady-state plasmid-bearing, plasmid-free, and total cell counts
were determined daily for each dilution raté, using the PSDCT meth'od. Cell
counts were used to monitor plasmid loss during each continuous growth
experiment to determine if plasmid loss was a function of growth rate.
Continuous culture pvlasmid‘ loss was modeled using the Ollis model presented in

Chapter 3.
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A set qf pTOM selective, phenol fed chemostat studies were performed to
determine if phenol could be used to either stabilizé the pTOMs;,, plasmid in
17616 or select for pTOM,, bearing cells in continuous culture. Phenol
concentrations were measured using a colorimetric phenol assay. Biomass
measurements were made using the protein assay. Plasmid loss was
determined using the PSDCT method.

All continuous culture experiments were inoculated with a pure culture of

17616-pTOM,,, cells harvested from a highly selective starter cuiture.

4.7.2 Biofilm culture plésmid stability and activity studies

Pseudomonas cepacia 17616-pTOMj,, biofilm.'cultures were grown on hon-
selective acetate-HCMM2 med?a to determine the stability and activity of
pTOMmc in biofilm cultures. Biofilm cultures were grown using a rotating
annular reactor shown in Figure 11. Annular-reactors were initially colonized
under batch operation witH high kanémycin selection (80 gamma or ug/ml) to
insure the initial biofilm was rr;ade up of all plasmid-bearing cells. No cells were
added to the system after initial inoculation. Biofilm reactors were operated at
two different influent acetate concentrations, 4 mM and 10 mM acetate-HCMM2.
The annular reactors were run at a dilution rate of at least 1.0/h (at least 5 times
greater than the maximum growth rate of 176186) to insure no replication of

detached biofilm cells occurred in the bulk fluid phase.
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Figure 10 - Diagram of Chemostat System Used for Plasmid PTOM3Ic Stability

and Activity Studies.
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Figure 11 - Diagram of the Annular Reactor System Used for Biofilm Culture

Plasmid pTOM3Ic Activity and Loss Studies.
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Protein content and acetate concentrations of effluent and biofilm samples
were determined periodically throughout the biofilm :experiments. Plasmid-
bearing, plasmid-free, and total cell counts in both effluent and biofilm samples
from each annular reactor were determined every two days using the PSDCT
method. Samples for the PSDCT method were harvested from the annular
reactor slides and effluent, and prepared using the biofilm cﬁlture suspension
method (BCS). Cell counts were used to determine the growth and plasmid loss
characteristics of 17616-pTOM31c in biofilm culture. Plasmid pTOMj,. specific
activities of the biofilm cultures were determined using the suspended culture
TFMP assay on a 5ml aliquot 6f the BCS sample. Results were modeled using

the biofilm plasmid loss model presented in Chapter 3.

4.8 Methods for TCE Exposure Studies Using an Acetate Fed-Batch, TCE
Vapor Continuous Flow Reactor to Determine Cell Injury, Toxicity and
Plasmid Loss During TCE Exbosure.

An acetate fed batch reactor with continuous TCE vapor flow was designed
to examine the effect of TCE exposure on the toxicity, plasmid-loss, and injury of
17616-pTOM,,. cell cultures. ',Fh‘e system used is shown in Figure 12. A fed
batch system was used to mimic a biofilm system, in that the cells were
continuouslly exposed to a pseudo steady-state TCE concentration (unlike a
batch reactor), while they did not have a finite residence time (like in a

continuous culture). Cells in the fed batch reactor system had a residence time




Figure 12 - Diagram of Fed-Batch, TCE Vapor Continuous Flow Reactor Used

to Examine the Affects of TCE Exposure.
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of 6 days. Two different experiments, with the appropriate controls, were run

using the fed batch system.

4.8.1 Selective TCE exposure studies

The selective fed batch reactor system was operated by taking a 25 ml
sample from the 150 mi Iiduid volume every 24 hours. The 25 ml sample was
then replaced by 25 mis of 24 mM acetate-HCMM2 medium amended with 120
gamma kanarﬁycin, resulting in é 6 hour residence time for the system. This
volume extraction resulted in a concentration of 4 mM acetate/20 gamma
kanamycin at the end of each batch feed. The kanamycin was used to select for
17616-pTOM;, by killing plasmid-free cells generated by segregational plasmid-
loss. It was assumed that the 4 mM acetate Was completely utilized within the
24 hour time period between batch feeds. In addition, the kanamycin was
assumed to be utilized and degenerated to a substantially lower level between
batch feeds. It was also presumed, with the combinationf of a 6 day residence
time (dilution) and the utilization and degeneration of the kanamycin, that the
concentration of kanamycin would not exceed the lethal limit for 17616-pTOM,,.,
which was found to be approximately 280 gamma. If the maximum kanamycin
concentration were ever‘reached, it would be noted by a severe decline in both
total and selective cell counts.

A test and a control reactor were run. Each reactor was inoculated with the

same concentration of 17616-pTOM,,. cells harvested from a pure culture (high
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selection) 17616-pTOMj, batch culture. After 8 hours of unincu.mbered growth,
70 uM TCE (in air) vapor was introduced to the test reaétor at a flow rate of 50
mis/min. After 15 days of 70 uM TCE exposure the TCE concentration was
raised to 700 uM for three days to determine the effect of concentration. No TCE
was introduced to the control reactor. . -

Daily analysis of the reactors included: protein contents, acetate -
concenfrations, pTOM specific activities, total cell counts, Tn5 selective plate
counts, and pTOM selective plate counts. Total cell counts were determined by
plating on LBG media. Tn5 selective cell counts were determined by plating on
LBG-Kanamycin agar. The pTOM selective cell counts were determined by
dilution plating on phenol-kanamycin-HCMM2 low carbon agar plates.

Comparison of the control and test reactor total cell counts demonstrates the
extent of toxicity incurred by the 17616-pTOMj,, cells by prolonged exposure to
TCE. Differences between the test reactor’s total counts and selective counts
indicates the number 17616-pTOMj,, cells injured as a result of TCE exposure.
Finally, the occurrence of significant numbers of TFMP—negati\)e LBG-kanamycin
plates would symboliie that the plasmid pTOMj,,, may have been recombined as
a result of structural instability and would insinuate that the kanamycin resistance
marker either had peen incorporated into the cells’ chromosomal DNA or

remained active while the TOM pathway had been deemed inactive.
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4.8.2 Non-selective TCE exposure studies
A non-selective fed batch reactor was run under the same conditions as the\
selective reactors, except kénamycin was not p'révid_ed in either the test or
control reactors. Analysis of the non;selective test and control réactors included:
protein content, bTOM specific activfty, and pTOMg, selective direct colony
trénsfers to determine if TCE exposure resulted in increased plasmid loss.

Results from this expériment also give information on the toxicity and degree of

selection that TCE has on 17616-pTOMjg,, cells.

4.9 Analytical Methods and Protocols

4.9.1 Protein assay - ‘Protein content was determined using the enhanced
BA Protein assay (Pierce Co.) This protein assay was used in both the
suspendéd and biofilm culture TFMP assays. Suspended protein determinations
were usually made using the appropriate Ag4,, versus protein célibrat’ion curve.
The calibration cu‘rves were determined for each specific microbial strain and.
medium (Appendix E). Direct protein measurements (no calibration ciJrve). wére‘
defermined for all biofilm packing and suspended phenol growth samples. All

absorbance measurements were taken using a Milton Roy Spectronic 601

photospectrometer.




69

4.9.2 Phenol assay

Phenol concentrations were determined using a colorimetric phenol assay
which inVoIved the addition and thorough mixing of 50ul of 2 N NH,OH and 25 ul
of 2% 4-aminoantipyrene (Aldrich Chemical Co., Inc., Milwaukee Wisc.) to a 1ml
phenol samplé. After mixing, 25 ul of 8% K,;Fe(CN), (Sigma Chemical Co., ST.
Louis, Mo.) was added, and the contents were then mixed again and centrifuged
(14,000 x g) for 2 minutes. A, of the centrifuged sample supernatant was
measured. Phenol concentrations were calculated by reference to a standard

curve (Appendix F).

4.9.3 Phthalate analysis

Phthalate was analyzed using a Hewiitt Packard-1050 High Pressure Liquid
Chromatograph equipped with variable wavelength and multiple wavelength
detectors using a HP, OD Hypersil, 5urﬁ, 100x2.1 mm analyticél column and a
HP OD Hypersil, 5um, 20 X 2.1 mm guard column. A calibration curve for the IC

phthalate analysis is shown in Appendix G.

4.9.4 TCE analysis

Vapor and liquid phase TCE samples were analyzed using a Schimadzu
GCO9A gas chromatograph equipped with an electron capture detector
(Shimadzu Scientific Instruments, Inc., Columbia, MD) using a 30 m, 0.53mm ID

Vocal mega-bore column (Supelco, Inc., Bellefonte, PA.). The TCE method was
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isothermal (110° Celsius oven temp., 200° C detector and injector temp.) with a
carrier gas flow of 5 ml/min and a make-up gas flow of 50 mi/min. Ultra-high
purity nitrogen was used for both the carrier and make-up gases. Since the
method was isothermal using nitrogen, there were two linear calibration curves,
one for high TCE concentrations (~10 nM to 10uM, detector range set at 2,
current set at 1) and one for low TCE concentrations (~10 uM to 1000 uM,
detector range set at 1, current set at 2).

Vapor TCE samples were injected directly. Liquid TCE samples were
extracted using an equal volume of pentane, and a 2 ul sample of the pentane
TCE extraction-was analyzed. Liquid TCE standards were made with high grade
TCE (Sigma Chemical Co.) in HPLC grade methanol or pentane. Vapor TCE
was supplied from a 700 uM TCE-ultra zero air balance compressed gas bottle
(Air Liquide, La Porte, Texas). A representative calibration curve for the G.C.

TCE analysis is bresented in Appendix H.

4.9.5 Acetate analysis

Acetate was analyzed using a Dionex ion ‘chomatograph (Model Al-450;
Dionex Co., San Francisco) with a pulse elec;trochemical detector (Model
DXSOO)'usir_]g a lonpacAS10 column(4mm). Calibration inforrﬁation is presented-

in Appendix I.
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4.9.6 pTOM;,, selective direct colony transfer method (PSDCT)
The PSDCT method was used to determine total cell counts and the fraction
(.01 to 1) of plasmid-bearing and plasmid-free cells in a given population. The

method involved the following steps: -

1) Dilution plating of sample on general growth LBG agar media to
determine total cell counts.

2) 80 to 100 LBG-colonies were transferred from the LBG plates directlly to
selective 2mM phenol-kanamycin low carbon agar plates via a sterile
toothpick. |

3) Selective plates were incubated for 2 days at 30° C and all colonies
were counted. |

4) A TFMP colony assay was performed on the selective plates, and the
number of TFMP positive colonies (plasmid bearing and active colonies)

was determined.

The PSDCT method was performed in triplicate to give three values for total cell

counts, and plasmid-free and plasmid-bearing cell fractions for each sample.

4.9.7 Cell enumeratioh techniques
Selective and non-selective plating techniques were used to determine total

viable heterotrophic cell concentration, fractions of p(+) or p(-) cells with respect
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" to the total viable heterotrophic cell concentration, percent toxicity, and injured

cell concentration. Table 8 lists the plating methods used and what cell type

each method enumerates.

Toxicity fractions

Toxicity fractions are determinied by the ratio of total viable cell concentration
from a reactor that has grown under TCE exposure to the total Viable cell
concentration from a reactor that has not been operated under TCE selection

(control).

Injured cell fractions

The fraction of injuréed cells in a given pépulétion.is the ratio of cells that
cann‘ot grow on phenol-Km to those that grow on general rich medium (LBG). If
the cells are taken from é reactor where'they have been growing under selection
(phenol or TCE exposure) and they do not grow on selective medium they are

defined as injured.

p(+) and p(-) cell fractions

The PSDCT method determines if the cell possess an active pTOM plasmid
and whether or not the cell is injured or not. The p(+) cell concentration is
determined by multiplying the total viable cell concentration by the fraction of

PSDCT cells that grow on phenol-km plates and are TFMP positive.
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Table 6 - Plating Methods for Cell Enumerations

Cell Type

' Enumeration Method

Medium

1) Total Heterotrophic

cell concentration..

Growth on carbon rich

agar medium

#1 - LBG plates or
Acetate-HCMM2 plates

2) Kanamycin resistant

cell concentration

Growth on carbon rich

agar amended with Km

#2 - LGB-kanamycin or

| Acetate-HCMMZ2-Km

.3) Healthy and active
plasmid-bearing cell

concentration.

' Growth on plasmid

.(pTOM.) selective medium. .

#3 - Phenol-HCMM2

or Toluene vapor

3) Plasmid-free cell

concentration

Negative growth upon
transfer from rich
carbon(#1) media to

selective medium (#S).

| LBG plate and phenol-

HCMM2-Km low-

carbon agar medium.

4) Plasmid-bearing cell

| concentration

Positive growth upon
transfer from rich carbon
(#1) medium to selective

medium (#3) and TFMP.

positive (PSDCT method).

LBG plate and phenol-

‘HCMM2-Km low-

carbon agar medium.

5) Injured cell fractions

No-growth on selective
medium (#3), but growth

on rich carbon medium

(#1) with subsequent

growth on selective

| LBG plates and phenol-
{ HCMM2-Km low-

carbon agar medium.

medium (#3).
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4.9.8 Biofilm vcu.lture suspension (BCS) method .

The first steb in the BCS méthod involves removing a slide from the
annular,.rotatiﬁg reactor via a pair of sterile needle-nose pliers. The biofilm is
then scraped from the slide uéing a flaf edged sterile Teflon spatula into a petri
~ dish ‘containi‘ng 40 rﬁis of HCMMZ buffer media, which is also uséd to rinse aII.of

the biofilm off the slide. Once the slide is thoroughly scraped clean, the 40ml
HCMM2 solution is then placed in a sterile 100-ml beaker. Finally the solution is
homogeﬂnized usinQ ar Tékmar Tissuizer (Tekmér Co., Cincinnati, OH) at medium-
high speed for 2 minutes to disperse the biofilm cells. The BCS method provides
a badterial__sampie_vyith mivni?nal‘ce‘ll clumps, which may result in poor quality cell

counts.

4.9.9 Temperature and pH.
All lab experiments were run at room temperature which was measured to
be 23 + 2 ° Celsius. The pH of all media and influents and efﬂuénts were

monitored throughout the studies.




" Chapter 5
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5.1 Resulis from Initial Lab and’ Field Studies Using PR1-pTOM,,, -

Suspended batch culture and chemostat studies, plus biofilm column

Ll 1l

studies were performed to determine the feasibility of using Burkholderia cepacia

PR1-pTOM,,, within a TCE biofilm reactor. . Research involved both lab- and
field-scale studies.‘ Suspended culture lab étudies .determir_\ed the growth |
kinetics of PR1-pTOM,,, in continuous culture using non-inhibitory, non-
competitive phthalate medium. In addition, batch culture lab studies détermined
the TCE specific activity of B. cepacia PR1-pTOM,,,. Laboratory column studies
were performed to ascertain the ability of PR1-pTOM,,, to persist and thrive as a
biofilm culture grown on crushed oystershell pac"king using both selective and
non-selective media (see Figure 8). Finally, a field-scale study, applying PR1-
PTOM,,, to a 120 liter vépor phase TCE reactor (see Figui’e 9), was carried out

at the Hanscom Airforce Base outside of Boston, Massachusetts.
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5.1.1 Initial lab studies
~ Growth of PR1-pTOM,; on phthalate

A series of continuous culture experiments fo determine the growth |
kinetics of PR1-pTOM,;,, on phthalate were performed. Phthalate was chosen as
the growth source for PR1-pTOM,,, because it'd'oes not competitively inhibii TCE
degradation. However, phthalate does not select for p TOM,,; bearing cells.
Figure 13 shows the relationship between growth rate and phthalate
concentration obtained ffam the continuous culture studies. Using a non-linear -
regression spread method t‘a fit the single substrate Monod axpression (Egn.
3.2), the values of maximum growth rate and the Monod half-saturation constant
(Mmax @nd Ks) were determihed to be 0.1‘6/hr and ‘3.2 mM respectiyely. The |
Monod expres.sian with the appropriate kinetic valuas is shown in Equation 5.1.
Overnight TCE disappearance assays performed on effluent samples from the
coﬁtinuous culture éxperimehts were ali' positive and demonstrated that the
phthalate grown PR1-pTOM,, cultures were actively' expressing pTOM and

‘could readily degrade TCE.

0.16 S

PRI
HAre) = (8.2 + S)

‘Eqn. 5.1:‘ ~
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Figure 13 - Monod Growth Kinetics for PR1-pTOM2X on Non-Selective
Phthalate Mediu. Where: Ma= 0.16/hr and Ks = 3.2 mM phthalate. Carried out

in aerated BSM medium at a pH of 7.2 and a temperature of 25 °C.

Y Observed
Y Predicted
95% Conf Lim

95% Conf Lim

Phthalate Cone. (mM)
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PR1-pTOM,,. TCE degradation kinetics

TCE degradation kinetics for PR1-pTOM,,. were determined at relatively low '
concentrations of TCE using head-space batch reactor studies. Inocula for the
suspended cell batch cultures were harvested from a phenol chemostat
operating at a steady-state dilution rate of 0.1/hr. The range of initial TCE |
concentrations used in the batch experiments were equivalent to the average
.TCE concentrations to be treated at the field study site. All liquid TCE
concentrations were determined from TCE head-space concentrations using a
dimensionless Henry’s Law cc;nstant of 0.4 (Folsom et al 90). Results from the
TCE kinetic studies are shown in Figure 14. TCE specific activity could be
described as a linear function of the TCE concentrations tested, as shown in

Equation 5.2.

TCE Specific activity (nMoles TCE/min—mg.‘prot.)=- 1.96 [TCE] Eqgn.52

Lab column studies using PR1-pTOM,,,:
Column studies to determine the ability of PR1-pTOM,,, to produce and

persist in a biofilm when grown on crushed oystershell support were carried out
using phthalate as the primary growth. The column systém used is shown in

Figure 8. After inoculation with a liter of PR1-pTOM,,, cells at an O.D.of 1, the
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Figure 14 - Degradation of TCE by PR1-pTOMZ23X: Note the linear relationship
between TCE specific activity and TCE concentration indicative of Monod
kinetics when substrate concentration is much less than Km (S«Km).

Using the following equation - (Specific Activity) = k*[TCE]AMwhere n = 0.95, and

k = 1.96, with units of mg-prot"1- min'l, R2= .92.

2-0.2

uM TCE
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reactor was run in total recycle mode to promote attachment and biofilm growth.
Phthalate-HCMM2 media was replaced' every two days.

Biofilm and suspended cells counts and phthalate concentrations were
determined every day. Figure 15 shows the daily conqentration of phthalate in
the reactor effluent during the experiment. Eight days into the operation, most of
the 20 mM phthalate batch feeds were utilized cbmpletely. Complete removal of -
_the phthalate was also observed after the phthalate concentration was increased
to 27 mM. However, Figure 16 shows that the microbiology of the colﬁmn
involved mixed microbial population, with at least one culture other than PR1-
pTOM,,, capable of utilizing phthalate. PR1-pTOM,g, could be maintained in the
reactor only when periodic pulses of kanamycin were introduced. Without
kanamycin, PR1-pTOM,,. could not establish itself in the system due to its
_inability to both form a significant biofilm and compete with the other phthalate
utilizing microbial populations present in the reactor. Further investigation
suggested that the other phthalate utilizing microbial populations originated from
the crushed oystershell. Attempts to sterilize the oystershell by autoclaving

were unsuccessful.




Figure 15 - Phthalate Concentrations in the Lab Scale Biofilm Column Reactor
Over Time. Note that the recycled medium was replaced every two days and the
phthalate analysis performed on the feed days was done prior to the medium

replacement.
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Figure 16 - Total Heterotrophic Cell Counts and PRI-PTOM2X Cell Counts in the
Lab Biofilm Reactor Column. Note, two additions of 50 mg/l kanamycin were

made at days 4 and 8 of column operation.
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5.1.2 Field studies using PFH-.pTOI\Ii23c in a VPBR
A TCE vapor phase bioreactor (VPBR) field study was conducted at
Hanscom Airforce Base in Massachusetts. The goal of the field study was
assess the ability of PR1-pTOM,,, in a VPBR to treat TCE laden vapor-phase
effluent from a TCE concentrator that was being operated at the site to

remediate a TCE polluted grbuhdwater aquifer.

VPBR start-up:

Toluene wés used as a selective carbon source to start-up and colonize the -
120 liter column reactor. Toluene was used in place of phthalate because
toluene is selective for pTOM and previous experiments using phthalate as the
primary carbon source resulted in poor PR1 biofilm production and eventual
washout of the PR1-pTOM cells. Toluene vapor, at a gas phase concentration
of 8 mg/l, was fed to the system from the bottom of the reactor at an averége
volumetric flow rate of 28 liters/hr (28 degrees C and 1 atm). BSM liquid medium
‘was introduced at the top of the column at a rate of 10 liters/day. The system
was inoculated with the effluent of a phthalate-Km fed PR1-pTOM,,, continuous
culture operating at a steady-state dilution rate of 0.1/hr. The liquid medium and

inocula were removed from the reactor via the sump at the bottom of the VPBR.
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Microbial activity of VPBRs:

Figure 17 shows the number of total heterotrophic bacteria found on the
oystershell packing throughout the test column during the first 30 days of start- -
up. The protein content of the biomass throughout the test column is shown in
Figure 18. Figures 19 and 20 show that most of the total -pTOM activity and
pTOM specific activity was found at the top of the test column where inoculation
took place. It can be seen that 20 to 28 days after startinmg inoculation, the top
of the column had the highest cell number, protein content, pTOM activity, and
pTOM specific activity. |

Although the cell numbers, protein contents, and pTOM activities were
highest at the top of the test column, their numbers were surprisingly low
demonstrating an apparent difficulty in colonizing the,large reactor with PR1-
pTOM,g..

After considerable effort trying to attain an effective PR1-pTOM,,, biofilm
population within the reactor, a number of inoculations were repeated. The
additional ipoculations resulted in only minor increases in pTOM positive and
total heterotrophic cell counts. Many of the same heterotrophs found in the test
column also appeared in the control column, suggesting that the bacteria
associated with the oystershell survived well under the selective toluene vapor

feed.
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Figure 17 - Total Heterotrophic Cell Counts in the Field Scale Test VPBR

Column.
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Figure 18 - Biofilm Protein Content in the Field Scale VPBR Column.
Note that the highest protein content in the column is observed at the top of the

test column where the delivery of the inocula took place.
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Figure 19 - Total pTOM Activity in the Field Scale Test VPBR Column.

Note the peak in pTOM total activity at 20 to 28 days at the top of the test

column.
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Figure 20 - pTOM Specific Activity in the Field Scale Test VPBR Column.

Note the peak in pTOM specific activity at 20 to 28 days at the top of the test

column.
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TCE degradation in the test VPBR column

On day 27, the toluene feed was turned off and phthalate was introduced to
the system as a non-competitive growth substrate. TCE vapor from the TCE
concentrator stacks was introduced at the bottom of the VPBR system. TCE
concentrations throughout the column are shown in Figure 21. It can be seen in
Figure 21 that most of the TCE is degraded between the middle and top of the
test colurﬁn where most of the pTOM activity was found. The top half of the test
column accounted for between 60 - 80% of the total TCE degradation. TCE
degradation coincided well with the microbial activity observed in the system.
However, the reactor had a reiatively low pTOM activity compared to that of
suspended puré cultures of pTOM. In addition, the reactor was unable to
effectively treat the low concentrations of TCE vapor as shown in Figure 21.

After this experiment, the study was terminated and the columns were
emptied and cleaned. The columns were then refilled with either Grace
biocarrier pellets or Manville diatomaé:eous earth pellets. Attempts to colonize
either new reactor pécking with PR1-pTOM,,, failed to establish a significant
PR1-pTOM,,, biofilm, even when a combination of carbon sources and feed

scenarios were employed (data not provided).




Figure 21 - Vapor TCE Concentrations Throughout the Field Scale VPBR Test
Column: Note the TCE was introduced at the bottom of the column and most of
the TCE degradation occurs between the middle and top of the test column

where most of the pTOM activity was located (influent TCE concentrations vary

due to changes in TCE concentrator effluent concentrations).
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5.2 Results from Suspended Culture Plasmid Stability and Expression
Studies Using Pseudomonas cepa}:ia 17616-pTOMj,, ..

Due to the inability of PR1 to colonize and establish a biofilm in the column

reactor studies presented above, plasmid pTOM was transferred to a new host,

Pseudomonas cepacia 176116. Pseudomonas cepacié 17616 was chosen as the
new host fér pTOM because 17616 is capable of producing copious amounts of
biofilm .‘aﬁd‘ has been noted for its ability to compete"in open systems (Murgel et
al 82; Cheng et al 95). The transconjugant P. cepacia 17616-p‘i‘OM31c was
obtained through solid surface transconjugation between B. cepacia PR1-
PTOM,,. and P. cepacia 17616. Experiments were conducted to'determine the

ability of 17616-pTOM;,, to retain and express plasmid pTOM;;..

5.2.1 Batch suspended culture studies

A series of batch culture studies were performed to determine the ability of
both plasmid-free (p(-)) and plasmid-‘bearing (p(+)) P. cebaci‘a 17616 cultures to
grow on non-selective, non-competitive acetate medium. Anofher series of
batch studies were performed to determine the ability of 1761‘6-pTOM31c to
maintain and express .pTOMm. TCE degradative capabilities of 17616-pTOM,;,,
batch cultures were also determined and compared to those of PR1-pTOM

strains.
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17616 growth on acetate:

Figure 22 shows the relationship between the specific growth rates of both
p(-) and p(+) 17616 strains and initial acetate concentrations obtained from
batch growth studies. The data were correlated using Ahdrew‘s substrate
inhibition kinetics (Eqn. 3.3) from which values for maximum growth rate(y,,.,),
half—saturation constant(K,), Andrews inhibition constant (K;), and bioméss to
substrate yield(Y,,) were determined to be 0.49/hr, 3:5 mM acetate, 9.1 mM
acetate, and 0.25, respectively. The resultant Andrews kinetic expression with

the calculated kinetic parameters is show’h in Equation 5.3.. Figure 22 also

illustrates the Andrews kinetié model fit with a correlation féctor (R?) of 0.956 and

95% confidence intervals. It can be seen that there was no significant
difference between the acetate growth rates of the p(-) and p(+) 17616 cultures.
During these batch growth studies, plasmid loss was ignored and no selection
was used on p(+) batch experiments. Results imply that the maintenance of
pTOM,,, does not create a significant metabolic drain on 17616 plasmid-bearing

cells.

_ 049 S
b= ' Egn. 5.3

(S +45 +_§i) |
9.8




Figure 22 - Andrews Substrate Inhibition Growth Kinetics For 17616-pTOM3lc

Growing on Non-selective, Non-competitive Acetate Medium. Where: pna

=0.49/hr, Ks= 3.5 mM acetate and Ki= 9.1 mM acetate. Andrews model fit (solid

line) with R2= .956 and 95% confidence intervals (dashed lines) shown.

17616(p+)

trO.15 Andrews
(@]

17616(p-)

0 10 20 30 40
Acetate (mM)



94

Plasmid loss under non-selective growth conditions:

A series of batch studies were run at different acetate concentrations (2mM -
40mM) to determine the stability of pTOM,,, in its new host 17616. Plasmid loss
was determined throughout each of the batch growth curves using the PSDCT
method (refer to Ch. 4). For all of the acetate concentrations tested, no plasmid
loss was measured. The PSDCf method is unable to detect plasmid free cells

'if they accounted for less than 1 percent of the total cell number. Therefore |
either no plasmid loss was ocdurring in batch growth or the extent of plasmid
loss taking place during the batch growth experiments (approx. 10 cell
generations) created less than one percent p(-) cells in the total cell count.
Results suggest that plasmid loss in 17616-pTOMj,, should be studied under

continuous culture conditions.

Plasmid loss under selective growth conditions:

Batch studies using pTOM-selective phenol medium were performed to
determine plasmid loss under selective growth gonditions. As in the non-
selective plasmid loss studies, plasmid loss was not measured in the selective
batch growth studies. waever, injury caused by growth on the selective phenol
medium was noted in both 17616-pTOM,,. and PR1-pTOM31c. The injury
incurred by 17616-pTOM,, . accouhted for about 10 - 15% of the total pobulation,
while the injury in the PR1-pTOM,,, culture was abou.t 35 to 45%. These results

were the first indication that phenol was injurious to pTOM bearing strains and
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that 17616 may be healthier (or less susceptible to injury) under phenol growth

conditions than PR1.

)]

TCE degradation and TCE specific activity:

Overnight batch.TCE degradation assays were run on both p(-) and p(+)
17616 and PR1 cultures to determine if the transconjugant 17616-pTOMj,,
mineralized TCE at an equivalent rate to PR1-pTOM,;, and PR1-pTOMj,,.. The
results from the overnight asséys are shown in Figure 23. These resulfs show
that 17616-pTOMj,,, mineralized all of the TCE, as did the p(+) PR1 strains. Yet,
" both of the p(-) strains where unable to utilize any of the TCE.

A series of batch head-space TCE disapbearance assays were ruﬁ using
17616-pT‘OM31c samples harvested from a 2 mM phenol continuous culture. The
rates of disappearance for various initial conceﬁtrations of TCE were determined
by measuring the head-‘space .TCE concentration over time. Each batch
expeﬁment was run in dublicate. The liquid TCE concentrations over time were
determined from the vapor TCE concentrations using a dimensionless Henry’s
Law éonstant of 0.38 (uMoiles in liquid/uMoles in headspace), which was
determined using an inactive cell control (see Appendix B and C). Fi—gure 24
shows the -relatiénship between TCE specifié activity and initial TCE
concentration. The relationship was modeled using Michaelis-Menten saturation
kinetics (Equation 3.1) with a non-lineaf curve fit correlation of R? = 0.943.

Maximum TCE specific activity for the 17616-pTOMj,, cultures was 9.7 nM
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TCE/mg prot.-min and the Michaelis constant was found to be 5.4 mM TCE.
Equation 5.4 shows the Monod kinetic expression with the céléulated TCE
degradation kinetics parameters. These TCE mineralization kinetics are
comparable to the kinetic values found for B. cepacia G4, the original host of

pTOM.

_ 98 [TCE] ' ' Eqgn. 5.4
(5.4 + [TCE))

5.2.2 Continuous suspended culture studies
Selective and non-selective continuous culture studies were conductéd to
determine the retention and activity of pTOMj,..in 176186 as functions of growth

rate.

pTOM specific activity as a function of growth rate:

L

A series of acetate-fed 17616-pTOM;,, continuous culture studies were
performed to determine if pTOM activity was a function of grpwth rate. Each
continuous culture was run at a different dilution rate ranging between zero and
0.19/hr. Chemostats were allowed to reach "steady-state" operation (~ 10
generations/ residence times) before they were tested for pTOM spécific activity

using the liquid culture TFMP assay. The TFMP assay is a direct and

quantifiable measurement of the activity of the TOM pathway. Figure 25 shows
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Figure 23 - TCE Disappearance for pTOM-free and pTOM-bearing 17616 and
PRI Strains. Note, solid bars indicate the initial TCE concentration and the

empty indicate the TCE concentration after 24 hours of incubation at 25 OC.
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Figure 24 - Monod Kinetics for TCE Mineralization by 17616-pTOM3lc Where:
Vnax = 9.7 nMoles TCE/mg. prot.-min. and Km= 5.4 uM TCE. Experiment was
carried out in aerated HCMM2 medium at a pH of 7.2 and a temperature of ~25

° C. Non-linear curve fit (solid line) of R2= .94 and 95% confidence intervals

(Dashed lines) shown.
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the relationship between growth rate and pTOM specific activity. The pTOM
specific activity of the 17616-pTOMj,,, cultures was a linear function of growth
rate and was modeled using equation 5.5, where the y-intercept is the activity of
stationary, non-growth 17616-pTOMj,,, cultures which had a residual pTOM

specific activity of about 2.1 nMoles TFHA/mg. protein- min..

TFMP Specific Activity = 2.1 + 39.7 [u (/hr)] Egn. 5.5

;I'he fact that the pTOM specific activity is a function of growth rate illustrates
why the TCE-degradatioh kinetics obtained from Michaelis-Menten saturation
kinetics are only valid for the growth rate of the cells being tested. The
maximum pTOM specific activity changes with growth rate, thus so will the
maximum TCE degradation specific activity (V,,,,)- A kfnetics expression for TCE
degradation as a function of growth rate (ezyme concentration and activity) can
be developed using using the pTOM specific activity measured with the TFMP
assay and the TCE degradation kinetics. However, all of the experiments must
be done using same growth substrate and nutrient formulation to insure the
same cell metabilism and physiology. The new éxb‘ression would utilize the fact
that the ratio between the maximum pTOM specific activity (TFMP assay) and
the maximum TCE specific activity (Michaelis-Meten V,,,,) determined at the

same growth rate should remian constant for all growth rates.
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Figure 25 - Linear Relationship Between Growth Rate and pTOM Specific
Activity. Where: the slope, m = 27.8, the y-axis intercept, b = 2.1 ulVloles

TFHA/mg. protein-min. (See TFMP assay methods), and R2= .96.

growth rate (/hr)
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Plasmid loss in non-selective. non-competitive continuous culture:

Three acetate-fed, continuous culture reactors were operated to study
plasmid loss in 1761_6=pTOM31c. To determine if plasmid loss was a function of
growth rate, each reactor was run at a different dilution rate, 0.065, 0.1, and
9.17/hr., respectively. Plasmid loss was determined using the PSDCT method
and the plasmid loss factor, p, was found using a continuous culture plasmid loss
model (Equation 3.6) proposed by Ollis (1982).

Figures 26, 27, and 28 show the p(+) 17616 cell fractions and pTOM specific
_ activities in each of the chemostats over time. These figures show that
considerable plasmid loss occurred at each dilution rate and that the total pTOM
_specific activity decreased with elapsed time along with the fraction of plasmid-
bearing 17616 cells. True pTOM specific activify is defined as the pTOM activity
of the plasmid-bearing cells only. The true pTOM specific activity remained
relatively constant throughout each of the continuous culture studies, indicatihg
that the plasmid-bearing 17616 cells can maintain essentially the same pTOM
activity during prolonged continuous growth. Figures 26 - 28 also indicate that
plasmid loss did not become measurable until approximately 20 cell generations.
This lag in plasmid loss is an artifact of the PSDCT method and the highly
selective continuous culture start-up conditions which selected for p(+) cells at
the beginning of each chemostat study. Table 7 displays the complete results
from the continuous culture studies. It can be seen that both the true TFMP

activity and the plasmid loss factor are functions of growth rate. Figure 29 shows
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the relationship between the plasmid loss factor and growth rate as determined

using Equation 3.6.

Figure 26 - Plasmid-bearing Cell Fractions, Total TFMP Activities, and True
TFMP Activities Versus Time in an Acetate Fed Continuous 17616-pTOMa3lc
Culture. Where: Dilution Rate (D) = 0.065/hr. Note the lag in measurable

plasmid loss and the relative stability of true TFMP activities.
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Figure 27 - Plasmid-bearing Cell Fraction, Total TFMP Activity, and True TFMP
Activity Versus Time for an Acetate Fed Continuous 17616-pTOM3lc Culture.
Where: Dilution Rate (D) = 0.1/hr. Note the lag in measurable plasmid loss and

the relative stability of true TFMP activities.
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Figure 28 - Plasmid-bearing Cell Fraction, Total TFMP Activity, and True TFMP
Activity Versus Time for an Acetate Fed Continuous 1761 B-PTOMa3lc Culture.

Where: Dilution Rate (D) = 0.17/hr. Note the lag in measurable plasmid loss and

the relative stability of true TEMP activities.
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Table 7 - Results from Continuous Culture Plasmid Retention and Activity

Experiménts: Using 17616-pTOMj,,. grown under non-selective conditions

(Acetate-HCMM2) and the plasmid loss model proposed by Ollis (1982).

X, = X, e ~(u*pl)

In(X) = IN(X) -y *p =t

Growth Rate/ | Initial Biomass | Plasmid Loss | True TFMP | Model
Dilution Rate (/hr) | Xo (cells/ml) | Factor (p) | (Spec. Act.) | Fit - R?
0.065 3.15x 10° - 0.027 T 4.1 0.94
0.1 4.55 X 107 0.031 6.9 0.97
0.17 0.0335 8.25 0.95 |

1.02 x 108
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Figure 29 - Plasmid Loss Factor Versus Growth Rate For 17616-pTOM3lc

Grown Under Non-selective Continuous Culture Conditions.
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Plasmid loss in selective continuous culture

Phenol fed continuous culture studies were performed to determine if phénol
could be used to select for pTOM bearing cells. The experiments demonstrated
that thelze was ho measurable plaémid loss during 2 mM phenol continuous
culture growth. These studies demonstrate that phenol can be used to select for
pTOM bearing cells either by decreasing the plasmid loss factor of 17616-
pTOM,,. or by deterring the growth of plasmid-free cells resulting in the vyash-out

of the plasmid-free cells.

Plasmid L oss In Alternative Media Fed Continuous Culture

Plasmid loss was observed in 17616‘-pTOM31c continuous cultures that were
grown on phthalate and LBG media. The plasmid loss factors for these
experiments were not determined. However, the apparent loss of pTOM;,, in
17616-pTOMy, continuous cultures is not an artifact of acetate growth, but
rather, a consequence of non-selective continuous growth.

Acetate-fed 17616-pTOMj,, continuous cultures grown under high
kanamycin resistance selection, as expected, demonsfrated no measurable
plasmid loss. The presence of kanamycin may serve as a form of post-

segregationa;l killing of the‘plasmid-free (non-Km-resistant) cells.
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5.3 Resulis From Bi.ofilm Culture Plasmid Stability and Expression Studies

Using Pseudomonas cepacia 17616-pTOM,,,

A series of non-selective biofilm growth studies using a rotating annular
reactor (Figure 10)( were performed to determine the activity and stability of
plasmid pTOMg,. in P. cépacié 17616 biofiﬁn cultures. Biofilm growth studies
were also used to evaluate the ability of 17616-pTOMj,, to produce a biofilm

when grown on non-selective, non-competitive acetate medium.

5.3.1 Stability and activity of pTOM,,, in non-selective biofilm

cultures.

Two rotating annular feactors- were operated at different acetate loading
rates, 4.8 mM and 8 mM, respectively. Reactors were run at a dilution rate that
was five times greater than the maximum 17616 acetate growth rate of
approximately 0.2/hr. The reactors were inoculated as a batch system with a
high plasmid selection (~ 120 gamma kanamycin) and were éllowed to proceed
through a bomplete batch growth curve before medium flow was intitiatéd.
Analysis of the reactors was done eyvery three days after inoculation and
in‘cluded: acetate analysis of reactor effluents using ion chromatography and.
determination of the p(-), p(+), and total cell concentrations 'c.>f both the effluent :
and biofilm using a combination of the BCS method and the PSDCT method:
The samples obtained from the BCS method were also analyzed for pTOM

specific activity using the liquid culture TFMP assay.
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Figures 30 and 31 show the biofilm populatiqn dynamics during two of the
annular reactor studies at different.initial acetate concentrations. It can be seen
that as the total biofilm cell numbers accumulate, the p(+) cells increase
accordingly. However, as time proceeds, the number of p(-) cells increases and
eventually the p(+) cells reached a peak and eventually declined due to |
segregational loss while the p(-) cells started to dominate the biofilm population.

The population dynamics of the detached biofilm (reactor effluent) were
similar to those found in the biofilm as can be seen in Figure 32. The p(-) cell
fractions in the effluent and biofilm samples of both annular reactors over time
are shown. The results reveal that the effluent population dynamics mirrored
those of the biofilm culture, which indicates that there was no apparent
preferential detachment of p(-) or p(+) -cells from the biofilm.

Figures 33 and 34 show the biofilm p(+) cell fractions, total pTOM specific
activitieé, and true pTOM specific activities in both of the annular reactors over
time. Regardless the initial acetate concentration tested, the total pTOM specific
activities in both biofilm reactors decrease in accordance with the decline in the’
p(+) cell population. However, the true specific activities of the p(+) cells

remains relatively constant as indicated by the true pTOM specific activity.




Figure 30 - Biofilm Population Dynamics in the 4.8 mM Acetate Feed, Rotating
Annular Reactor. Showing Plasmid-bearing, Plasmid-Free and Total Cell

Numbers.
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Figure 31 - Population Dynamics in the 8.2 mM Acetate Feed Rotating Annular

Reactor. Showing Plasmid-bearing, Plasmid-Free and Total Cell Numbers.

140.0
120.0
100.0
Total Cells
9 £ 80.0
60.0 p(-) Cells
p(+) Cells

15
Generations



112

Figure 32 - Plasmid-free Cell Fractions In the Effluent and Biofilm Cultures of
both the 4.8 mM Acetate Feed and 8.2 mM Acetate Feed Annular Reactors.
Note that the effluent and biofilm p(-) cell fractions parallel each other fairly well,

indicating that there is no distinct preferential biofilm detachment of p(-) or p(+)

cells in either of the reactors.
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Figure 33 - Plasmid-bearing Biofilm Cell Fractions and Biofilm pTOM Specific

Activities in the 4.8 mM Acetate Feed Rotating Annular Reactor.
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Figure 34 - Plasmid-bearing Biofilm Cell Fractions and Biofilm pTOM Specific

Activities in the 8.2 mM Acetate Feed Rotating Annular Reactor.

8" Total TFMP

Z  True TFMP
--0.4

(0]
9] Fract. p(+)

TFMP Specifi

LL

0 5 10 15 20 25 30
Time (days)



115

The cell population dynamics obtained during these biofilm studies were
utilized to determine the plasmid loss factor for 17616-pTOM;;,. in biofilm
cultures. The mathematical model proposéd by Huang et al (93) was usedto
model the biofilm plasmid loss data with the use of the Andrews substrate
inhibition kinetics and biofilm detachment expressions presented in Chapter 3.
The Andrews kinetic expression, with the experimentally obtained kinetic
parameters for 17616 found in the batch studies (Eqn. 5.3), was substituted into
the plasmid loss model exbression (Egn 3.11) as the growth rate of both the p(-)
and p(+) 17616 cells. The detachment model proposed by Jones et al (Eqn..
3.10) was simplified by disregarding influent cells and was substituted into

Equation 3.11 resulting in Equation 5.6 shown below.

Equation 5.6. -
. . X. - X,.
dB~ _ (49 S5) . 2(1/au1)_+o/2(x._x._)l3"
> bi bi-1
at 45 + S + (98)) i~ i
p - .

(49 §) _ B*

(45 + S + S )

. (9.8)

The results from the biofilm plasmid loss and activity studies.are presented in

Table 8.




Table 8 - Results from Non-selective Biofilm Plasmid Loss and Activity Studies Using PR1-pTOM,,, and the

Biofilm Plasmid Loss Model, Andrews Substrate Inhibition Kinetics, and Biofilm Detachment Model.

Ave. Detachment

Ave. Substrate

Reactor Ave. Specific Ave. Plasmid
Growth Rate (/hf) Rate (/hr) Loss Factor | Concentration
(Egqn. 3.2) (Eqn. 3.9) (Eqn.5.6) | (mM)
02 0.1 0.0292 35
2 0.22 017 0036 5.7

911
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5.4 Results TCE Exposure Studies.

A series of experiments, with the dissolved carBon source fed batch and the
TCE vapor continuously delivered to the reactor were performed to determine if
TCE exposure ;:éuses injury, toxicity, orincreased plasmiq loss in cultures, of
17616-pTOM,,, (refer to Figure 12). The first set of experiments conductéd‘
were plasmid-selective studies using a periodic batch feed of acetate and
kanamycin to eliminate artifacts of plasmid loss. The second set of experiments
Were non-selective studies using acetate feed only to allow for the generation
and growth of plasmid-free 17616 cells. Controls for each experiment were run
without TCE vapor so comparisons could be made between the test aljd control
reactors to determine the overall affect of TCE exposure. Both sets of studies |
were run for 15 days at a TCE vapor flow rate of 50 ml/min and a TCE vapor
concentration of 70 uM. Using a Henry’s Law constant of 0132'3, the liquid TCE
concentration was determined to be approxim‘altely 27 uM. After 15 days the
TCE vapor concentration waé increaéed to_ 700 uM (~270 uM liquid TCE

concentration). .

5.4.1 Selective TCE exposure studies.

The selective fed batch studies were run with 4 mM acetate-HCMM2
medium with 30 gammé kanamycin. A 25-ml sample was taken from both the
test and control fed-batch reactors every day for analysis. The 25 ml sample

was then replaced with 25 mls of 24 mM acetate-120 gamma Km. The overall
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residence time for the 150 ml reactors was 6 days. Samples were analyzed for
acetate concentration using ion chromotography, pTOM acﬁvity using TFMP
liquid cﬁlture assay, total viable cell number using LBG plate counts, Km
resistant cell numbers using LBG-km plate counts, and selective grthh cell
humber using phenol-km plate counts. After 15 days of exposure to 50 mis of 28
uM TCE vapor, the TCE concentration was raised to 270 uM. The results were
used to evaluate the degree of injury and toxigenicity incurred by 1‘7616-pTOM31c
when exposed to TCE for é prolonged period of time.

Figure 35 shows the total viable cell concentrations for both the TCE fed
reactor and the control reactor (no TCE). The difference between the total cell
concentrations of the TCE test reactor and the control reactor are an indication
of the toxicity caused by TCE éxposure. Fi'gure 35 also shows the fraction of
toxicity incurred during the experiment. Note that at 15 days, the TCE
concentration was elevated by 10 fold, resulting in an acute increase in
toxigenicity to the 17618-pTOM,,, cells.

Figure 36 shows both the total cell concentrations and the selective phenol-
km cell concentrations for the test reactor. The ratio of the phenol-km cell
counts. and total viable cell counts is an indication of the amount of injury
incurred by the 17616-pTOMj, . cells in the absence of plasmid-free cells. The
fraction of injury measured throughout the experiment is shown on the
secondary axis of Figure 36. The lack of plasmid-free cells in this study, due to

the planned post-segregational killing of p(-) cells by kanarhycin, is illustrated in
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the ratio between TFMP positive km-resistant cell counts and the total viable cell

counts obtained from both the test and control reactors which remafns around 1

as shown in Figure 37. The pTOM specific acfivities for the test and control

reactors are shown in Figure 38. Note the obvious effect that both toxicity and

injury have on the pTOM specific activities when compared to the control reactor,
(

5.4.2 Non-selective TCE exposure studies.

Non-selective fed batch studies were run with 4 mM acetate-HCMM2
medium only. A 25 ml sample was taken from both the test and control‘ reactors
every day for analysis. The 25 ml were then replaced with 25 m! of 24 mM
acetate-HCMM2 medium. Kanamycin was not introduced to the system ;[o allow
for plasmid loss. The overall residence time for the 150 m! reactors was 6 days.
The samples were analyzed for acetate concentration using ion
chromatography, pTOM activity using TFMP’liquid culture assay, total viable cell
number using LBG plate counts and plasmid loss using the PSDCT method.
After 15 days of exposure to 50 ml of 2.3 mM TCE vapor, the TCE concentration
was raised to 23 mM. The results were used to evaluate the extent of toxicity
and plasmid loss incurred by 17616-pTOMj,,, when exposed to TCE for a

prolonged period of time.
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Figure 35 - Plasmid-selective Test and Control Reactor Total Viable Cell Counts

and Fractions of 17616-pTOM3Ic Cells Suffering from TCE Toxigenicity.
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Figure 36 - Total Viable Cell Counts and Selective Phenol-Km Cell Counts for
TCE Test Plasmid-selective Reactor With Fraction of Injured 17616-pTOM3lc

Cells.
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Figure 37 - Ratios of Total Viable Cell Counts and Total Kanamycin Resistant
Cell Counts For Both the Test and Control Plasmid-selective Reactors: An
indication that no significant plasmid loss has occurred because the ratio

remains close to |.
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Figure 38 - Total and True pTOM Specific Activities of the Test and Control

Plasmid-selective Cultures. Shown are the total TFMP specific activities for the

test and control reactors.
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Figure 39 shows the total viable cell concentrations for both the TCE fed
reactor and the control reactors. The difference between the total cell
concentrations of the TCE test reactor and the control reactor are an indication
of the toxici:ty caused by TCE exposure. Figure 39 also shows the fraction of
toxicity incurred' during the experiment. Note that at 15 days, the TCE
concentration Wés elevated by 10 fold, resulting |n an acute increase |n
toxigenicity of the 17616-pTOM,, cells.

Figure 40 shows the p(+) cell fractions for the test and control non-selective |
reactors. Figuré 41 shows the total pTOM specific activities of the test and
control non-selective (no km) fed;batch reactors. Figure 41 also shows the true
(corre'cted for toxicity and plasmid loss) pTOM specific activities for the non-

selective (no km) test and control fed-batch reactors.

N
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Figure 39 - Total Viable Cell Concentrations for Both the TCE Test and Control

Non-selective Reactors Showing Fraction of Toxicity Incurred by 17616-

pTOM3lc
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Figure 40 - Plasmid-bearing Cell Fractions of the Test and Control Non-selective

(no km) Reactors.
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Figure 41 - Total and True pTOM Specific Activities of the Non-selective Test

and Control Reactors.
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Chapter 6

Discussion

The work presénted iﬁcludes. results from a number of different studies
including: 1) biofilm formation and TCE degradative studies using lab and field
scale vapor phase bioreactors, 2) Q’Iaémid stability and expression studies using -
batch, chemostat, and biofilm reactors, and 3) plasmid loss, cell injury, and
toxicity using fed-batch, TCE vapor continuous flow reactors.

The lab and field studies were carried out to determine if PR1-pTOM23c—couId_
produce a biofilm on oyster shell packing when growing on non-selective, non-
competitive phthalate/BSM medium. In both the lab and the field, PR1-pTOM,,,
was unable produce a significant biofilm population and did not survive well in
any of the systems.

The plasmid stébility and expréssion studies examined the ability of the
transconjugant P. cepacia 17616-pTOM;,, to retain and express the plasmid
pTOM,,.. These studies used suspended batch culture, suspended chemostat
culture, and biofilm culture annular rotating reactors. The TFMP and TCE
disappearance assays along with the biofilm culture and pTOM selective direct

colony transfer methods were used to determine the total pTOM specific activity
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and fraction of p(-) and p(+) cells present in a given culture. Results from these
studies indicate tHat P. cepacia 17616 was able to incorporate and actively
express the pTOM;,, plasmid.

The fed-batch, TCE vapor continuous flow reactor studies involved two feed
scenarios: 1) the selective fed-batch studies were fed acetate-kanamycin
medium to insure that only plasmid bearing cells survived in the reactor so the
effect of cell injury on 17616-pTOM,,, could be assessed without the
complication of dealing wifh the p(-) populations; 2) the non-selective fed-batch
studies were fed acetate only, so that the p(-) cells generated through
. segregational plasmid loss could survive and grow in the system; thus the effect
of TCE exposure on plasmid loss could be assessed. In both the selective and
non-selective fed-batch studies, a TCE free control was carried out éo that
appropriate comparisons could be made to determine the effects of TCE
exposure on 17616-pTOM31c. These studies were analyzed using a combination
of selective and non-selective dilution plating techniques, including the pTOM
selective direct colony transfer method and the TFMP assays. Results from
these experiments iﬁdicate that TCE exposure can be both toxic and injurious to
both p(-) and p(+) 17616 cells. In addition, the results show that TCE may select
for p(+) cells.

A more complete discussion of these results is presented below.
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6.1 Failure of PR1-pTOM,,, to Establish a Biofilm

The initial lab and field scale studies presented in Chapter 5 demonstrate
that B. cepacia PR1 was not a suitable host for applying pTOM to a TCE biofilm
reactor. There were are two of possible reasons why the PR1-pTOM,;, system:
did not work, including: the inability of PR1 to attach to and colonize on the
oyster shell packing, and the inherent chemistry and microbiology of the oyster
shell packing that may have hindered cell growth.

In the lab scale column studies 'preseﬁted, PR1-pTOM,s, was unable to
produce a significant biofilm when grown on.non-selective phthalate medium.
Results show that PR1 was unable to survive in lab biofilm columns exce.pt
under high kanamycin selection. Even with antibiotic selection, PR1 did not

Aproduce a great deal of biomass on the oystershell packing.

The field scale studies proved that PR1 could not produce a significant
biofilm under selective toluene gfowth, éven upon multiple inoculations. The
biomass and pTOM activity that was found at the top of the field column is
believed to have been an artifact of the PR1-pTOM,,, cells being trapped in the
oyster shell packing at or near the point of inoculation, and not a result of cell
attachment and biofilm growt'h. At no time during the lab or field experiments
was there an indication of significant biofilm accumulation which would be noted
by either the presence of a "slimey" coating or visible films or patches of

attached microorgahisms on the reactor packing.
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An obvious reason for the inability of PR1 to establish in the reactor, is its
inabilit); to initially attach and colonize on surfaces. AII biofilm experiménts
performed using PR1-pTOM strains indicate that all of the PR1-§TOM biomass
and activity occurred at the point of inoculation, suggesting that the cells are
trapped in the pores of the packing. In addition, the persistence of the biomass
that was p.resent was dependent upon a high degree of selection using either
kanamycin or a selective carbon source. In the absence of selection, PR1 cells
were inevitably washed-out of the system. Numerous biofilm studies using PR1,
which are not reported here, all suffered from either cell washout or insignificant
PR1-pTOM attachment aﬁd ac;tivity..

Numerous other attempts to grow G4 stréins, under both selective and non-
selective growth conditions, on glass beads, diétomaceous earth pellets, inert
silica packing, and oystershell have been carried out (data not provided). All of
these attempts essentially failed, indicating that all of the tested strains of B.
cepacia G4, including PR1, are poor biofilm producers regardless of the
substratum. Because of its inability to attach and produce a biofilm, PR1 is an
ideal candidate for cell migration studies through porous media (Deflaun 95).

Another possible factor which may have further hindered the ability of PR1
to survive in the lab and field scale bi,ofilm, studies is the inherent chemistry and
microbiology of the oystershell packing. Crushed oystershell packing was first
considered a good biofilm substratum because of its porosity, its high surface

area to volume ratio, its low cost, and its potential as a buffer against
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hydrochloric acid which is a product of aerobic TCE mineralization. “However‘,
the chemical constituénts of oyster shell, other than it being mostly calcium
carbonate, are nqt known. What is known, is that in nature, oysters are typical'ly
free of biofilm on their shell surface because through the pores of their shells
oysters receive nutrients. It is believed that oysters keep their shell clear of
microbial growth by secreting some type of anti-microbial agént through their
shell. Residue of this anti-microbial may have had a detrimental effect on the
growth of the PR1 cells. fhis conjecture is supported by the fact that PR1-
pTOM activity was rarely found below the top layer of oystershell nacking, where
the chemical environment was influenced by that of the oyster shell.

In addition, there were a number of bacterial strains that were inherent in.
the oystershell packing.' The inability of PR1 to compete for both nutrients and
. carbon source may also have played a role in its failure to survive on the oyster

shell packing. -

6.2 pTOM Activity in the Transconjugant P. cepacia 17616-pTOM,;,.

The apility of transconjugant P. cepacia 17616-pTOMj,, to express pTOM,,,
was determined for both suspended and biofilm cultures as described in Chapter
5. Results presented in Figures 23 and 24,'show that P. cepacia 17616 was
able to incorporate the pTOM plasmid and actively degréde TCE. Figure 42
shows the pTOM specific activity and biomass production of both 17616-

pTOM;,,. and PR1-pTOMj,,. during batch growth on acetate-HCMM2 medium. It
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is obvious that the specific activity of pTOM in 17616-pTOM3lcis equivalent, if

not slightly higher, than it is in PR1 when both are grown on acetate.

Figure 42 - Biomass and pTOM Specific Activity of B. cepacia PR1-pTOM3lcand

P. cepacia 17616-pTOM3Ic During Batch Growth on 10 mM Acetate-HCIVIM2

Medium.
PR1 TFMP
17616 TFMP
PR1 Biomass
_O-
17616 Biomass
@] 10 20 30 40

TIME (hr)
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6.2.1 TCE degradation kinetics

The cometabolic TCE degradation kinetics of 17616-pTOM,, were found to
follow Michaelis-Meﬁten saturation kinetics with a maximum TCE specific activity
of 9.8 nMoles TCE/min-mg.prot. and a Michaelis constant of 5.8 uM TCE (Figure
23). Michaelis-Mentan TCE degradation kinetic parameters for the constitutive
17616-pTOMg,,. were found to be equivalent to those found for thé original non-
constitutive pTOM host B. cepacia G4 (u,,,, = 9 nMol TCE/min-mg protein, K =
3.6 uM TCE) grown under similar conditions (Folsom and Chapman 91).
Comparisons with other aerobic TCE degraders (M. trichosporium OB3b, P.
menocina KR1, and P. putida #1) is not possible because the' TCE degradation
kinetics for these other species have either not been determined or they have
not been presented in the literature. The constitutive nature of plasmid pTOM,;,,
is apparent in Figure 25, which shows a pTOM specific activity of abproximafely
2.1 nMoles TFHA/min.-mg.prot. for a _stationary culture of 17616-pTOM;, ..

Seeing that the maximum pTOM specific activity changes with growth rate, it
should be noted that the Michaelis-Menten TCE degradation kinetics found are
valid only fo 17616-PTOMjy,, growing on phenol at a rate of 0.1/hr. The reliance
of pTOM specific activity on growth rate suggests that an improvement on the
Michaels-Menten exprssion can be made that accounts for the affecst of growth -
rate. Such an improvement might include expressing Vmax as a function of the
specific activity when the cells are at zero growth rate (stationary) and creating a

ratio (o) of the maximum pTOM specifc éctivity and TCE maximum specific
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activity at a given growth rate. This ratio should be constant at all growth rates,

allowing the maximum TCE specific activity to be determined at any growth rate.

6.2.2 Comparison of ‘pTOM activities\ in suspended and biofilm
17616-pTOM;,, cultures7

A comparison was made of pTOM activities between sﬁspended and biofilm
cultures of 17616-pTOMj,. by plotting the trﬁe pTCM specific activities versus
the appropriate growth rates for both suspended and biofilm cultures as shown
in Figure 43. It can be seen that the biofilm pTOM spgcific activities are
considerably less than those expected for suspended culture at the same growth
rate. Possible explahations for the difference in pTOM activities include: (1)
down regulation of the TOM pathway during the application of the biofilm culture
suspension method (Chapter 4) caused by the removal of the carbon source; (2) |
the plasmid copy number or total activity may be decreased as a result of the
metabolic demand of extracellular polysaccharide (eps) production and biofilm
growth; and (3) the presence of extracellular polysaccharide and lipo-
polysaccharide which may interfere with either the TFMP assay reaction (mass

transfer limitations) or the total protein determination.
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6.3 Plasmid Loss In P. cepacia 17616-pTOM3le
The loss of pTOM 3lcwas measured in both suspended and biofilm cultures
of 17616-pTOMa3lc grown under non-selective acetate medium. The plasmid loss

data for the 17616-pTOM3Ic plasmid/host system are presented in Chapter 5.

Figure 43 - True pTOM Specific Activities versus Growth Rate for Both
Chemostat and Biofilm 17616-pTOM3Ic Cultures. Note the true pTOM specific

activity is the specific activity of the fraction of p(+) cells only.

v
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6.3.1 Comparison of plasmid loss in suspended and biofilm cultures

of 17616- pTOM,;,,.

Figure 44 shows the plasmid-loss facfors for both the chemostat and biofilm
studies plotted against the growth rates for which they were determine‘c’l.‘ It can
be seen that the plasmid loss factors for the biofilm cultures are no different than
those found for a continuous culture of 17616-pTOM,,,. Previous research has
shown that biofilm production can decrease plasmid stability (Huang et al 94).
Results here suggest that biofilm growth dées not have an éffect on the
probability of plasmid loss per generation of pTOMj,. in 17616 cultures in the
absence of selection for the plasmid. It is important to remember that the
plasmid loss factor (p) is different than the plasmid loss rate, which is the product
of the plasmid loss factor and the growth rate (p*y).

Plasmid loss measured during both the chemostat and biofilm stu.dies was
considerable, resulting in an order-of-magnitude decrease in the p(+) population
over a relatively short period of time (20-30 days). This degree of plasmid loss
resulted in a critical loss of the TCE degrading ‘phenotype/genotype and would
have a profound negative effect on the performance of a TCE degra‘ding biofilm
reactor. Although a plasmid-bearing 17616 population can be selected for using
either phenol' or kanamycin, phenol competitively inhibits TCE degradation and
kanamycin is a costly anti-microbial agent that would be impractical for large

scale use.
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Figure 44 - Plasmid Loss Factors versus Growth Rate for Both Chemostat and

Biofilm Cultures of 17616-pTOM3lc Cultures.
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6.3.2 Segregational loss of pTOM3lcin 17616-pTOM3Ic cultures.

Further analysis of the selective (phenol-km) plate counts done during the
plasmid loss studies shows that all of the colonies that grew on the selective
plates were also positive for pTOM activity as determined by the TFMP colony
assay. Periodic direct colony transfer of colonies from non-selective medium to

acetate-km medium also showed that all of the colonies that possessed the
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kanamycin resistant marker associated with pTOM,,, also tested positive for
pTOM activity (refer to Figure 7). Finally, fhe total pTOM specific activities
measured throughout both th/e chemostat and biofilm plasmid loss studies
decreased concomittantly with the decrease in p(+) cells.

These résults insinuate that the p(-) cells lost the complete pTOM plasrﬁid
via segregational plasmid loss, as opposed to losing pTOM functions due to a
recombination event. Further support for this insinuation is that the pTOM
phenotypes that were assayed (phenol growth, Km resistance, and TFMP
activity) tested-either all negative or all positive in every colony examined.
However, a definite determination that segregational plasmid loss is the primary

‘ plasmid instability process would require isolation and detéction of the pTOMy,,

plasmid using gel separation techniques and specific pTOMj,, indicators.

6.4 Loss of TCE degrading Phenotype- Plasmid Loss, Toxicity, and Cell

Injury.

In the acetate-HCMM2 medium fed-batch, continuous TCE vapor flow
reactor studies, TCE exposuré was found to significantly afféct the plasmid loss,
toxicity, and injury of 17616-pTOMj,..

\
6.4.1 Plasmid loss during TCE exposure
Plasmid loss incurred during TCE exposure was examined in the non-

selective fed-batch studies as shown in Figure 40. Figure 41 shows the total
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pTOM specific activities of the'test and control reactors. The difference between
the total pTOM activities illustrates an appa(ent effect of plasmid loss on pTOM
specific activity. Note that on day 15, the quljid TCE concentration was
incréased by a factor of 10, from ~27 uM to ~270 uM TCE. Table 9 shows the
p(-) cell concentration and the fraction of p(+) cells in both the test and control
reactors on day 15( ~27 uM TCE exposure) and day 18 (three days at ~270 uM
TCE exposure) of hon-selective fed-batch study. Results in Figure 40 and Table
9 would seem to suggest that p(+) cells are less likely to segregationally lose the
plasmid pTOMB‘I c when 'continually exposed to TCE (either chronic or acute).
However, this is actually not the case. Upon inspection of the actual p(+) and p(-
) cell concentrations under TCE exposure, one can observe a greater toxicity
effect of the TCE upon the p(-) cell population. Thus the fraction of p(+) cells
appears to remain higher (or increase) during prolonged exposure to TCE in the
control, where no TCE 'is present. In essence, TCE exposure serves to
selectively eliminate the competing p(-) cell population via a form of post-

segregation killing.

6.4.2 Toxicity of 17616-pTOM,,, incurfed during TCE Exposure

Results from both the selective and non-selective TCE exposed fed-batch
reactor studies show that toxicity can play a significant role in the loss of the
pTOM activity and the TCE degrading phenotype. Toxicity due to TCE exposure

" is the least desirable type of plasmld -borne phenotype Ioss because, by
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Table 9 - Plasmid-free Cell Concentrations and Fractions of Plasmid Bearing
Cells in the Test Reactor (receiving TCE) and Control of the Non-selective Fed-
Batch Studies at Day 15 (15 days of exposure to ~28 uM TCE) and Day 18 (15
days of exposure to ~28 uM TCE followed by 3 days exposure to ~280 uM TCE).

Only the test reactor was exposed .to TCE.

Elapsed Liquid |[Testp(+) | Testp(+) Control p(-) Control p(+)
Time | [TCE] Cell# | Cell Fraction cell # cell fraction

(days) (uM)

15 28 4.06e8 .62 3.58e8 .39

18 280 1.8e8 .78 2.05e8 | 22

definitic;n, toxicity is neither reversible (like injury), nor can toxicity be eliminated
via selection pressure (like plasmid loss). Figure 45 shows the toxicity incurred
in both the selective and non-selective fed batch studies at day 15 (~27 uM TCE
exposure) and day 18 (~270 uM TCE exposure) of the study. These results
indicate that exposure to a relatively low concentration of TCE (~27 uM TCE)
can be toxic to as much as 25% of the total p(+) cell population. In the non-
selective TCE fed-b?tch studies, toxicity was found to be even more significant
resulting in as much as 38% toxicity to the total cell population (including p(-) and

p(+) cells).
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Results show that TCE toxicity increased considerably in just a short period
of time in both the selective and non-selective 17616-pTOMj,, cultures when the
liquid TCE concentration was raised from 27 uM TCE to 270 uM TCE. At the
higher TCE concentration, the non-selective fed-batch culture again exhibited an
increased s.u.sceptibility to the toxic effect of TCE versus the selective fed-batch
culture. This increased toxicity noted in the non-selective 17616-pTOMs,, culture
may be caused by a higher degree of TCE toxicity incurred by the p(-) 17616
cells which were not detected in the selective studies. The suggestion that there
is an increaseci toxicity in the p(-) population is further supported by the
increased fraction of p(+) cells in the TCE exposed cultures which was noted in
the selective fed-batch studies shown in Table 9 and Figure 40. Effects of
toxicity are illustrated in the change in total pTOM activities between the t;st and’
control reactor in both the selective and non-selective fed-batch studies (refer to
Figures 38 and 41). Results indicate that a toxicity threshold TCE concentration
for 17616-pTOMj;,. may be considerably less than first assumed, thus bringinQ in

to question the effectiveness of 17616-pTOM;,, as a candidate for carrying out

TCE biodegradation.
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Figure 45 - Toxicity Incurred in Both the Selective and Non-selective Fed-batch
Studies at Day 15( -27 uM TCE) and Day 18 (-270 uM TCE) of the Study. Note

that the selective reactor is all p(+) cells, while the non-selective reactor has both

p(-) and p(+) cells because there is no kanamycin present.

27 uM TCE 270 uM TCE
Day 15 Day 18
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6.4.3 Injury in 17616-pTOM;,, caused by TCE expoéure

The selective fed-batch studies exa'mined’ the degree of cell injury incurred
by 17616-pTOM,,. when exposed to TCE. It is important to remember that,
unlike toxicity, cell injury is reversible and the cell’s original activity can be
recovered by growth on a carbon/nutrient rich medium. Figure 36 shows that the
injury incurred by 17616-pTOMj, during TCE exposure increased with exposure
time and TCE concentration. The percent injury incurred during exposure to 230 -
uM TCE e>;posure (~68%) was considerably higher than it was at 23 uM TCE
exposure (~43%). |

Although injury could not be measured in the non-selective fed-batch
studies, its effects are apparent when comparing the true p'I"OM activities of the
test and control reactors in the non-selective studies. As can be seen in Figure
41, the true pTOM specific activity in the control reactor remains relatively
steady, while the true pTOM specific activity of the test reactor decreases. The
apparent decrease of pTOM specific activity in the test reactor is believed to be a
result of increasing injury caused by exposure to TCE, which the determin'ation
of true pTOM activity in the non-selective study did not take into consideration.
The injurious effects of TCE exposure, and its dependence upon exposure time
and TCE concentration, are illustrated in the decrease in total pTOM activity

shown in Figure 38.
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6.5 Summary

The work presented here originated with the question of whether or not the
aerobic TCE degrader B. cepacia PR1-pTOM236 could be effectively utilized in a
field scale TCE reactor. The answer to this question quickly evolved into a
number of more fundamental questions regarding the factors affecting the
exploitation of the pTOM borne TCE degrading phenotype in a microbial system.
These factors included: 1) host organism physiology and health considerations,
2) plasmid/host relationships and intefactions, and 3) process design and
opera’gion scenarios.

This research has identified a number of possible processes that can reéult
in the loss of pTOM expression and activity, including: a) toxicity, b) cell injury, ¢)
segregational plasmid loss, d) cell survival within the system. These processes
may apply to any plasmid/host system that is being used to exploit a specific
plasmid-borne phenotype. This work is especially relevant in the field of
bioremediation where recently, genetiéally engineered recombinant plasmid DNA
sequences that contain novel pathways capable of degrading some of the more
recalcitrant environmental pollutants have been developed. The ability to exploit
these novel pathways will rely on many of processes examined in this work.

This work has helped to define and better understand some of the
requirements to exploit a desired plasmid-borne pathway in a biofilm reactor

system. These requirements include:
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1) The plasmid host must be able to attach and produce a biofilm in order
to survive and maintain the plasmid within the biofilm reactor system.

2) The host must accommodate and actively express the plasmid-borne
pathway of interest.

3) The plasmid must not detrimentally affect the cell’s physiology artmd
growth properties.

4) The plasmid must be stable within the host, resulting in a low degree of
both segregational and structural plasmid loss.

5) The host/plasmid system must have a low toxigenicity with respect to the
pollutant and degradation intermediates and by-products.,

6) The host/plasmid system must be res-istant to injury caused by exposure

to the pollutant/substrate.

Although many of these requirements may be fulfilled by system design and
process controls, a great deal of fundamental knowledge about the pathwa’y, the
plasmid, the host, and the plasmid/host system must be attained in order to
successfully utilize a plasmid-borne biodegradative pathway in a biofilm ‘r'eactor
system. An option to héving the pathway be borne on a plasmid is to incorporate
the pathway into the chromosomal DNA of the host. This option may eliminate
plasmid segregation loss; however, toxicity, cell injury, plasmid/host interactions

and cell survival will still require examination.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The work presented here resulted in a number of interesting and
consequential conclusions. Most of the conclusions are specific to plasmid
pTOM and its interactions in various hosts, while a few of the conclusions havé

more broad implications that may be applied to any plasmid/host system.

1) B. cepacia PR1 is unable to survive in a biofilm reactor due to its inability to

attach to a surface and produce a biofilm.

2) The transconjugant, P. cepacia 17616-pTOM;,., incorporated and actively
expressed pTOM;,.. In addition 17616-pTOM,,. effectively degraded TCE at

rates that were equivalent to those of the original pTOM host B. Cepacia G4.

3) The actiVity of pTOM;,. in 17616-pTOM,,, was a linear function of growth rate
and had a residual specific activity when in the stationary growth phase which is

attributed to the constitutive nature of the pTOMj, plasmid.
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4) Based on a series of batch acetate growth éxperiments, the plasmid pTOM,,,
had no apparent metabolic demand on 17616, nor did it alter the a¢etate growth

Kinetics of 176186.
5) The apparent segregational plasmid loss of pTOM,,, in non-selective, non-
competitive acetate grown chemostat cultures was significant and the plasmid

loss factor appeared to increase with increasing growth rate.

6) The apparent probability of loss of pTOMj,,. in non-selective, non-competitive

acetate grown biofilm cultures was equivalent to that found in suspended culture,"‘

suggesting that biofilm growth has no significant effect on plasmid stability for

this plasmid/host system and-during non-selective acetate growth.

9) TCE exposure can cause significaht injury to both p(+) and p(-) 1761‘6-cells
and the fraction of the cell populations that was affected was found to be a

function of both TCE exposure time and TCE concentration.

10) Toxicity was found to be significant in both plasmid-bearing and plasmid-free -

17616 cells caused by exposure to TCE was significant and was found to be a

function of both TCE exposure time and TCE concentration.
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11) TCE exposure appears to select for ‘pTOM-bearing cells as a result of TCE

induced cell injury and toxicity béing more severe in plasmid-free 1 7616 cultures.

12) Plasmid loss, cell injury, cell toxicity, and lack of biofilm production can all

lead to the detrimental loss of a plasmid-borne phenotype in a biofilm system.

7.2 Future Work

The work presented here has suggested a number of possible research
directions.that will advance the understanding of plasmid/host interactions and
" possibly attain a pTOM host that can be effectively utilized in a field scale TCE
biofilm reactor without the detrimental effects of blasmid instability, tox_icity, and

cell injury. These directions include:

1) Study the ability of a plasmid to incorporate itself into an existing biofilm
culture by introducing a highly mobile, broad host range plasmid via a host that

can be easily differentiated from other cell populaiions.

2) Implementation of continuous culture technigues and the carbon source fed-
batch, continuous TCE vapor flow reactor to select for a sub-populations of
17616-pTOM,,, that effectively retain pTOMj,, and resist cell injury and toxicity

caused by TCE exposure.
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3) Using molecular techniquéé, construct a mufant of 17616-pTOM,,, that either
has the TOM pathway incorporated into its chromosomal DNA to eliminate.loss -
of TCE degrading phenotype via plasmid segfegational instabiljty, or has the
capability of post segregational killing of plasmid-cells and/or controlleq plasmid
instability. In addition, some genetic manipulations may be be possible that can

increase the health of 17616 when exposed to TCE.

4) Examination of biofilm growth characteristics, TCE caused toxigenicity, TCE
caused cell injury, and plasmid stability and expression in other pTOM
transconjugants using the research techniques and protocols presented here in

hopes of finding a more suitable host for pTOM.
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Appendix A - TFMP Assays - Suspended Culture, Biofilm Culture, and
Colony Assays.

Suspended culture TEMP assay

The suspended culture TFMP assay was used to determine the pTOM
specific activity of suspended cell cultures and biofilm cultures that had
undergone biofilm culture suspension (BCS). The suspended culture TFMP
assay involves the following steps: |
1) Measure the A,y optical density of the sus;pended culture sample to
determine the protein content.
2) Centrifuge sample (2 - 5ml) for 2 minutes at 12,000 rpm.
3) Decant samplé volume leaving cell pellet intact.
3) Replace decanted volume with an equal volume‘ of 1 mM TFMP in 10 mM
HCL Tris buffer at pH of 8.5.
4) Resuspend cell pellét in TFMP solution via \;ortexing at high speed for 1
minute.
5) Place suspension into a 25 - 50 ml Erlenmeyer flask or a glass petri dish énd
incubated for 20 minutes at 30 degrees Celsius.
6) Centrifuge incubated suspension again for 2 minutes at 12,000 rpm.
7) Analyze suspension on color spectrophotomefer at Ay, (a particulate check)

and A, (TFHA - yellow color).
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The TFMP specific activity was found using the following equation:

TFMP activity = Azqe/(Esgs “Protein*time) = nMoles TFHA/min-mg protein

Protein values were determined using the colorimetric protein assay. The .
extinction coefficient for TFHA (Eggs) is 29,000. For samples with low biomass

content, the sample volume can be twice that of the TFMP solution. |

Biofilm culture TEMP Assay

The biofilm culture TFMP assay measures the pTOM éctivity of attached
biofilm cultures. The biofilm assay protocol is essentially the same as the
suspended assay presented above; however, 5 ‘grarris of bipfilm reactor packing
is used in place of the suspeﬁded culture and the protein content is determined-
directly from a duplicate 5 gram biofilm packing sam.ple using a modified version

of the colorimetric protein assay.

- Colony TFMP assay

The colony TFMP assay is used to give an indication whether or not the
“TOM pathway is present and active in a given coiony. The assay is performed
using nitrocellulose filters soaked in 10 mM TFMP -10 mM HCL Tris (pH 8)

solution. Partially dried TFMP filters are applied to agar plate colonies and then
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Appendix A - Continued
removed to transfer the colonies from the agar to the filter. After twenty minutes,
the number of colonies on the filter that have turned yellow are counted and
compared to the total number originally found on the agar plate. This assay caﬁ
also be performed by applying 1 ml of the 10 mM TFMP solution directly on the
agar plate and then allowing 20 minutes of incubation at 30 degrees for the

colonies to turn yellow.
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Appendix B - Calculated TCE Henry’s Law constant

A Henry's Law constant for TCE in the presence of biomass was
determined to see if biomass would affect the equilibrium liquid TCE
concentration in a batch TCE specific activity study. The dimension less Henry’s
Law constant was determined by placing a known concentration of P. cepacia
17616 (unable to degrade TCE)(Aq, = 1) in a batch reactor sealed with a mini-
inert valve and Teflon tape. A known concentration of TCE was then added and
the batch reactor was vigorously shaken for 5 minutes to allow equilibrium to
occur. Multiple liquid and vapor samples were taken- from the reactor to find a
average equilibrium TCE vapor aﬁd TCE liquid concentration. The liquid TCE
concentrations were determined using pentane extractions and the vapor TCE
concentrations were determined by direct injection into the Shimadzu GC-9A
equipped with an electron capture detector.

A dimension less Henry’s Law constant of 0.38 0.02 was found when
biomass was present. This dimension less Henry’s Law constant can be
compared with that found by Folsom and Chapman (Folsom and Chapman 91)
which was 0.4 without biomass present. The two Henry’s Law constants are
very similar suggesting that the presence of biomass has little or no affect on the

equilibrium of TCE at concentrations as‘high as 500uM.
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Appendix C - Calculation of TCE specific activity

TCE utilization kinetics were modeled using Michaelis Menten enzyme
kinetics. The TCE specific activities were determined using batch reactor studies
described in Chapter 4. The inocula for the batch experiments were harvested
from continuous culture reactors to insure each batch would start at the same
metabolic activity and.growth rate. From these batch reactors, substrate
concentration versus time curves were 6btained. ‘Measurement of the initial
slopes of the [TCE] versus time curves for each concentration gave a maximum
growth activity ((TCE]}/time) for each initial TCE concentration. Measurement of
the initial biomass present in each batch reactor enabled each activity
measurement to be expressed as specific activity (V = [TCE)/(min-mg protein)).
The determination of the specific activity for each initial TCE concentration is |
shown in the figure shown below. Plotting specific activity versus TCE
concentration gave the standard Monod saturation kinetic curve. Application of
non-linear curve fitting software (Table Curve-2D, Automated Curve Fitting
Software for Windows, Jandel Scientific )toa luser defined Monod expreséi'on

(Eqn. 2.1), determination of the Monod kinetic paramteters was made.
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Appendix C - Continued
TCE concentration (uM) versus Time plot.

V = (dTCE)/(dt*biomass protein) = 8.3 uM/(48 min.

dTCE =9.6-1.3 =8.3uM
dt = 48 minutes

Time (minutes)
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Appendix D - Calculation of acetate specific growth rates

From the operation of a series of batch reactors, a series of initial growth
rates (dX/dt) and substrate concentrations versus time (dS/dt) can be obtained.
Determining initial growth rates for a series of batch reactors run at different
initial substrate concentrations will result in a set of specific growth rates
(u(time™)). The method used to determine a specific growth rate at an initial -
acetate concentration was taken from D’Adamo et al (D’Adamo, P.D., A.F.
Rozich, and A.F. Gaudy. 1984. Analysis of Growth Data with Inhibitory Carbon
Sources. Biotech. Bioeng. 26:397-402). The method is similar to the method
used for TCE specific activity, except the initial change in biomass over time is
measured and the acetate concentration is considered constant. It is important
to note that a small inoculum should be used to insure that the initial increase in
biomass can be detected without a high degree of substrate utilization. This is
especially important at low substrate éoncentrations and when substrate
inhibition is suspected. The graphical method results in the following exp;ression
for specific growth rate, dX/(dt*S;) = p (hr'"). A plot of growth rates vers’qs initial
substrate concentrations will give a standard specific growth rate versus
concentration plot. Using non-linear curve fitting software (Table Curve, 2D for
Windows, Jandel Scientific) with a user defined function (Andrews subsfrate
inhibition kinetics, Equation 3.2) the unknown kinetic parameters, Ks, Y., and

Ki. can be obtained.
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Appendix E - Protein assay calibration curves

17616-pTOM31c Protein Calibration Curve - Protein versus A600 for growth on

acetate HCMM2 medium.

Mg/L Protein = -0.0078 + .52 A600
03 -

$02 -

S 01 --

A600
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Appendix E - Continued
17616 Protein Calibration Curve - Protein versus A600 for growth on

acetate/HCMM2 medium.

0.4 --
mg/L Protein = -0.0095 + .53 * A600
03 -

0.2 .

01 .

0.2
A600

All protein calibration curves were run according to Pierce Assay instructions.
Protein calibration curves were determined for each bacterial strain and each
growth substrate and nutrient media. Note the similarity between the 17616-
pTOM and 17616 protein calibration curves. This similarity suggests that

plasmid pTOM does not contribute significantly to the total cell protein.
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Appendix F - An example of a phenol assay calibration curve. Showing phenol

concentration (mM) versus AS0

0.8 -.
[Phenol] = .11117VA500 -.02

0.6 --

A 500
m Data -a—Regression RA2=.99
All phenol concentrations were determined by the phenol assay method

described in Chapter 4. A calibration curve was determined for every set of

samples analyzed using the phenol assay method.
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Appendix G - HPLC phthalate calibration curve. Complete HPLC phthalate

method is described in Chapter4.

-30 --

[Phthalate] = -1.8 + .00645*Peak Area

1000 2000 3000 4000 5000 6000 7000
HPLC Peak Area
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Appendix H - A typical TCE calibration curve for G.C.-ECD method. Showing

TCE concentration in uM versus ECD Peak Area.

[TCE] =-.02 + 8.58e-6 x Peak Area

OE+00 2E+05 4E+05 6E+05 8E+05 1E+06 1E+06
ECD Peak Area
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Appendix | - Acetate calibration curve for I.C. method.

mM Acetate = 5.3e-9 x Peak Area

0.0E+00 5.0E+08 1.0E+09 1.5E+09 2.0E+09 2.5E+09
I.C. Peak Area






