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1 Introduction

Xenobiotics in the environment cause harm and sE® of contamination are described
manifold in the literature (Leeson 2001; Scott 2008eside chemical pollutants in the
environment biological pollutants such as microargas and viruses also have to be
considered, since they can enter the environmeat Miman assistance: At lower
concentrations, by filter plants and their sewagd @& case of crop protection through
biological agents lik&acillus thuringiensis. In normal cases disposal of sludge or manure on
fields (Unc 2004) with a significantly higher comteation of microorganisms is harmless
because the bacteria are not pathogenic, theyegteak the soil surface, or in the upper levels
of the soil. The problem emerges when these bacterviruses are pathogenic and reach the
saturated soil, subsequently groundwater. The gassh microorganisms may be possible
when the soil is near the surface and the soileged through time, i.e. it never dries. Beside
transport of pathogenic bacteria themselves, patiiognd antibiotic resistance genes can be
exchanged between the infiltrated and autochthoaeteba. This can also lead to a
contamination without the abundance of the pathiegeacteria and plays a role in drinking

water safety.

Further, due to bioremediation, soil-derived baatevere applied on contaminated areas to
degrade the contaminant. After successfully decomation the remaining bacteria stay in
unknown parts inside the soil. The problem may oaghen the microorganisms reach the
aquifer due to irrigation and passage along pratedeflow paths (Bundt M. 2001).

The transport of microorganisms through variabljuisded soil is simulated in laboratory
experiments in different scales: soil- or sancedllicolumns in lab-scale setup (Becker 2004),
undisturbed soil columns (Lovins 1993), lysimetass an intermediate setup (Hase 2001,
Pitkajarvi 2003) and field experiments as the b&jgeale that can be monitored (Oyster site,
Virginia, for detailed review see (Ginn 2002) afi@ylor 2004).

Although the high environmental impact of pathogdracteria from manure or from fields of
bioremediation is known as a global topic, the gmemechanism of bacteria transport from
the surface to the groundwater is not yet clearglaustood. Currently, there are two basic
approaches: experiments taking place under unsatunditions, simulating the vadose
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zone, and experiments under saturated conditiomsiaking the region directly above the

groundwater level, the aquifer.

Up to now there is no general prediction of baetdransport possible because of the lack of
fundamental datasets to develop simulations foteli@t breakthrough and considering all
features of heterogenic bacterial cell populatianthe same time.

In this work experiments under saturated conditimese performed to acquire information
about metabolic active microorganismBsdudomonas fluorescens) and the influence of
substrate addition on the bacterial behaviour, sashage and oxygen availability. The
experimental setup was established for online meagswreakthrough ofPseudomonas
fluorescens-gfp as well as the proceeding of balancing this bteakigh in form of
distribution of total cell amount in effluent arai/ers.

The investigations were divided into two main parts

(1) Bacterial breakthrough under saturated combtiwithout substratdncludes factors like

different ages of the used cultures, morphologibanges during the column passage and the

influence of experimental runtime

(2) Bacterial breakthrough under saturated conutiovith substrate-addition After

determining the magnitude of influence of the diéstt factors above (without substrate), the

influence of the age of the used culture undertsatesaddition was investigated.

Prior to the breakthrough experiments gfip-mutant ofP. fluorescens had to be developed
and selected. The amount of cells, that were iegetly short (1ml, 0.02 PV) pulse, was not
higher than 1®per ml to prevent that the cell amount within tmumn reaches levels that
are not present in natural areas (not more thAma&Oml) (Uhlman 1986), i.e. no continuous
pulse application was performed. The qualitativieckon of bacterial breakthrough occurred
by monitoring of the fluorescence signal of tfp-expression as well as UV/VIS-absorption
to determine bacterial and other colloidal breaktigh. The breakthrough curves had to be
compared to ones of the conservative tracgd @nd to particles (melanin microspheres,

carboxylate coated) of the same size as bactedaruhe same experimental conditions.
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The balancing of cell amount in effluent and coluwas studied by digital image analysis of
cells stained with fluorescence dyes (according/enbauer et al. (1998)). By means of data
base queries the morphology of recovered cellsdcbeldetermined and compared to cells of

used inoculum.

In comparison to batch- and chemostat-experiméetetfect of oxygen starvation during the
breakthrough should be explained. In this workittiience of substrate addition had to be
investigated with prior knowledge of bacterial bébar inside a saturated column and the
role of a limiting amount of oxygen. In these suliiet experiments the columns were
equilibrated with the substrate solution so an aleavailability of substrate excess was
established. With the subsequent pulse of bactbaagrowth effects with morphological
changes and increase of cell amount were determinadcontrast to works in literature
(Murphy 1997, 2000; Jordan 2004) where a simpleadsay was investigated by detection
and calculation of degradation of limited substrata bacteria-saturated column.
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2 Bacterial transport and breakthrough through porous
media

Particle transport has been investigated in detmll results are available that allow
modelling of transport under saturated and unsggdraonditions (Bradford 2002; 2003;
2006). However, investigations on bacterial tramspoe still matter of research interest in

either saturated or unsaturated porous media.

Bacteria are exposed to convective transport ascpkates species that move forward with
the pore-water, but some strains (amongst otReesdomonas), are able to move actively
throughout the aqueous solution by flagella-medidtgward movement (Schlegel 1992).
The factors which affect bacterial convective tpors and retardation of bacteria are diverse

(Stevik 2004) and not only of physical and physit@mical but also of biological nature:

Flow rate: Increasing water flow leads to an increased trarispf biomass (Klauth et al.
2006) whereas the increase of the ionic strengtidénthe eluant leads to a decrease of
bacterial breakthrough (Tan 1994)

Grain (and pore) and particle sizecreasing grain size leads to an increased breakgh of

the same particles, until the pore size reachedfimitk value, where particles are trapped
(straining, see below). Increasing particle sizad$eto an increased breakthrough (size
exclusion, filtering), too, until the particle sizeaches a level where the particles are retained
on the top of the column (McGechan 2002).

Particle concentrationncreasing the particle concentration leads toeiased breakthrough

and to increasing straining of particles. This e @f the factors leading to blocking and
ripening (McGechan 2002).

Surface characteristics of matrix and microorganitime resultant hydrophilic/hydrophobic

interactions between microorganism and matrix segacan enhance or retard the transport.
These interactions are influenced by ionic strengiived organic compounds and the age of

the microorganism (Becker 2004; Foppen 2005)

Growth/decay/chemotaxis/motiliteach culture is a dynamic system of growth archgef

cells. Chemotaxis allows bacteria to enter a pretemedium on their own, in some cases

this movement is supported by flagella motion,rathe case dPseudomonas fluorescens.
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The factors mentioned above are responsible fordbkelting retardation or breakthrough of
microorganisms through porous media. The mechanisnisansport and retardation are:

Strainingindicates the physical trapping of any particlesimall pores and throats within the
matrix and is influenced®1by the particle to mean grain size ratio, aiti & hydraulic
characteristics like flow rate and ionic strengithe breakthrough curves which show

straining are non-symmetric with a broad shoulddrild the maximum (Corapcioglu 1984).

Attachment and detachmeaute interactions between microorganisms and thexwaithin a

column based on the electrostatic and van-der-Waalses. The interactions between
microorganisms can result in filtering (Murphy 19@nd subsequently blocking and ripening
(described further in this section). During unsated conditions the system becomes more
complex due to the presence of air enclosed imttieix and therefore an additional interface
becomes available which is known to be a favouraliefor bacterial attachment. Jewett et
al. (1999) found that fewer than 100% saturationo-air-water or air-matrix surfaces are
present - the breakthrough of bacteria reaches»amman. With decreasing saturation the
breakthrough decreases (and the retardation iresea®spectively) due to resulting
attachment of microorganisms at the air-water-fatax (Schaefer 1998)

Filtering is the removal of any particle from solution byliston with the porous media and
deposition on it.

Size exclusionesults in detected breakthrough times of bactbaadre shorter than those of

conservative tracers. Assuming that large cellsraleased to the effluent by means of size
exclusion (Corapcioglu 1984) implicates additiopaldependence from the age and nutrient

condition due to size shrinkage occurs with indreaage and under starvation (Sanin 2003).

Blocking occurs when first injected particles attach to thatrix and occupy preferential
attachment sites. Subsequently following parti@es then prevented from attaching to the

matrix surface and are eluated.

Ripening occurs when prior attached particles serve as preferred attachment sites for
subsequently following particles.
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The greatest part of bacterial transport in an agsesystem is facilitated by the advective
flow (Dong 2002). Several works are presented terdiure where bacterial and particle
transport are compared (Pang 1998; Becker 2004keBet al. recorded breakthrough curves
of inactive bacteria, particles (polystyrene, 1 pany bromide through raw material (glass

beads of 3 mm diameter).

Biological factors vary with age and metabolic staf the regarding culture. A culture
consists of different morphological species undertain conditions and the surface
characteristics change during a cell-cycle (vanddoecht 1990). Depending on the age of a
cell this cell can interact with surfaces to starture-growing or is able to leave the surface
to rest in aqueous solution for finding new bindnegions. Surfaces become preferred areas
for metabolic active cells because during expoaéngrowth of bacteria cell wall
hydrophobicity is increasing and therefore adhesancreasing, too. Adhesion is necessary
as well for colonization and afterwards developiagbiofim as for colonization and
afterwards leaking into the surrounding aqueoustsmi. Attached cells are metabolic mor

active than suspended cells (Ellwood 1982).

The surface characteristics can be determined lygighchemical parameters (IR-data of
bacterial cell surface (Chen 200X)potential, isoelectric point IEP, and contact angl
© (Rijnaarts 1995)). The hydrophobicity-index meaduby MATH test according to (van

der Mei 1995) gives information about the hydrophity (and hydrophilicity, respectively)

of bacteria in a defined hexadecane-water-systenchwhllows comparison of different

strains. The influence of the surface charactessiif different soils and different bacteria is
important. l.e. hydrophobic soil compartments canobcupied by hydrophobic cells, which
may start culture growing and therefore serve adepot for leaching bacteria into the
subsurface, especially when there are microcharmadgable where the leaching may be
enhanced. The same is valid for hydrophilic sa@h¢sfor example) and hydrophilic bacterial

strains.

Beside the surface characteristics of bacteriathadmatrix, bacterial features like flagella
can also affect the transport (Camper 1993, Garli®®1). Flagella allow bacteria like.
fluorescens to enter aqueous medium independently. This mowuewen reach velocities up

to 4 mm/h.
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For visualization of bacterial transport differenéthods were used in the past. As well as the
online-detection of radio-labelled cells (Jewet®qp the fluorescence-detection of genetic

modified cells aftegfp- or lux-transformation was used (Dunn 2005; Oates 2005).

The greatest part of investigations concerning ailfeal microbial transport has been carried
out as either field or column experiments with ithae bacteria or viruses (Mallen 2005).
Hekman et al. (1995) balanced the breakthroughaofebia only with regard to the effluent
and did not consider the age of a used culture.liithg organisms which should pass a
column or even a field were held inactive becaddbeproblems occurring when simulating
bacterial breakthrough with transport-models. Fopgieal. (2005) came to this conclusion as
they modelled breakthrough of &ncoli-strain assuming heterogenic cells and the redidts
not match the experimental data. To allow for tletetogeneity of bacterial suspensions,
Tufenkji et al. (2003) developed a model wherer#tention profile of cells within a column
was adapted to observed experimental data basefferent transport theories: the colloid
filtration theory, microbial deposition patternsdasteady-state filtration with no dispersion.
All different theories are able to describe onet mdrbacterial transport, which is always
simplified as a particle transport. Boundary caods$ were inactivation of the used
microorganisms, short residence-times of microasyas inside the column, constant

depositions rate coefficients.

The influence of substrate on bacterial breakthinouigder saturated conditions has not been
investigated in detail. Jordan et al. (2004) andy et al. (1997, 2000) obtained for first
data with an experimental setup of water- and Ib@acgaturated column where a substrate-
pulse was added and the degradation was monitBgdup to now no investigations were
performed regarding the breakthrough of bacterideuronsideration of the culture age and
conditions simulating the aquifer (saturated coodd, limited amount of cells, presence of
non-limited substrate, oxygen limitation). Thes@exds are some of the objective of this
thesis and should be investigated as a functicagefof a used culture, i.e. in dependence of
the culture age and nutrient starvation state alb &ge a function of available nutrient
(substrate) during the transport process. Forpghipose it was important to know the normal
standard behaviour of the bacterial culture, sa tPseudomonas fluorescens was the

appropriate strain to be examined under the giwemlitions.
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In this thesis the transport of a gfp-mutantRstudomonas fluorescens was investigated

under saturated conditions as a function of thecdgeused culture (duration of carbon and
energy starvation) without and with substrate-additiuring the breakthrough. The effect of
aerotaxis as a special feature of chemotaxis wassiigated and balanced and its effect on

bacterial size and shape was described.
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3 Materials and methods

3.1 Pseudomonas fluorescens, its cultivation and gfp-modification

P. fluorescens is a soil-derived bacterium which is taken as a@l@h@rganism (next t&. coli
and Bacillus or other Pseudomonas species) in a large number of transport experiment
(Brunninger 1999; Chen 2001; Ripp 2001; Timms-WAIRO01; Rockhold 2002; Chen 2004).

P. fluorescens is a motile, normally rod-shaped gram-negativadraam from dimensions of
0.5-1.0 um in diameter and 1.5-4 um in length, ddpe on age and nutrient state (Bergey's
Manual of systematic Bacteriology, 1986). Cells tbé logarithmic phase are lophotric
(monopolar polytrich). That is, the flagella aredted at one pole of the longitudinal cell and
the typical flagella motion leads to velocitiesfr®0 to 60 um/sec, i. e. in average about 14
cm/h (Schlegel 1992). Wilhelm et al. (1998) showsre differences of physiologically
distinguishable cell species as a function of eglé. Figure 3-1 shows the growth curve
(“total cells”) and its composition of large and ahcells. The logarithmic phase (phase of
exponential growth of the culture) consists mamiflyarge cells whereas the stationary phase

and afterwards the resting cells consist of masnhall cells.

logarithmic stationary
phase phase
10° 4 ]
10° 5
Jo - -0~ —= ..o—-—o—.-,e
107 E x

— large cells

cell density [mL™"]

] ; . 8- gmall cells
10 1, o Fﬁ ----- total cells

o CFU
105 ‘:u X CTC marked

LI S e S S N S S S S S S (N A S S S S S S S 4

0 5 10 15 20 25 30
time [h]

Figure 3-1 Growth curve and morphological species detectedngucell-cycle fromP. fluorescens. CFU
indicated the viable and reproducible cells, CT@idates viable cells. Modified according to Wilhekh al.
(1998)
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Depending on the detection and enumeration methoeliossizes and shapes (and therefore
the measurement of factors that influence dirdatigymagnitude of these parameters) age and
nutrient state have to be monitored. Agranovskil.ef2003) came to the conclusion that for

P. fluorescens case no size distribution could not be obtain@dUN/APS (UV-aerodynamic
particle sizer). In the same paper stress factwB.ffluorescens were not obtained although

for other bacteria these factors played an imporae and bacteria showed differences in

their performance.

(-potential [mV]* -19.13 Chen and Strevett (2001)
IEP [1=0.01M] 3.6 Rijnaarts et al. (1995)
U -1.03 Rijnaarts et al. (1995)
contact angl® [deq] 25 Rijnaarts et al. (1995)

Table 1 Physico-chemical characteristics Bf fluorescens. * average value from all stages (logarithmic,
stationary, decay)

Table 1 shows the physico-chemical parameteRs thtiorescens from literature.

The -potential was determined to be independent fragmatie of the culture -19 mV. IR-data
(Chen and Strevett 2001) indicated that the surfaoeposition changed with increasing age
from polar to apolar, the rate of carbonyl and a¥gdoups was decreasing whereas the rate

of apolar ethenyl-groups was increasing with pregireg age (Chen 2001).

(Fouchard 2005) found that different growth comi# led to varying membrane
compositions. Several results have been achievedtalhe effect of nutrient starvation
(carbon, nitrogen; (Sanin 2003)), oxygen and h&ats, and their effects on other bacteria
(Smeulders 1999; Ojha 2000) aRrstudomonas putida (Givskov 1994).

The used strain wa®seudomonas fluorescens that was genetically modified for gfp-
expression: the gfp-gene was inserted into the menby conjugation oE. coli-S17Apir
carrying the donor-plasmid pAG408 (provided by Depger, GBF Braunschweig) as mini-
transposon vector and the wild tyPeseudomonas fluorescens as recipient. The conjugation
was conducted as described before (de Lorenzo 1#80)ng the insertion a kanamycin-
resistance was also inserted into the genome. &he were plated on kanamycin-agar and

separated after detection of the green fluoresoalonies. For the breakthrough experiments
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single colonies were grown in BC minimal-medium ri®anis 1985) or Medium 462 with
glucose (0.5 g/l). The inoculum of cells (abouf p@r ml) for each column was taken out
directly from the culture-flasks, an aliquot waken for cell counting (see below). For fresh
cultures of less than 18h (experiment “4h- withsuibstrate addition” and “5h- with substrate
addition”) the amount of cells was about® X&r ml. To concentrate the cell suspension, a
centrifugation step was done, but this centrifugagltered the cells dimensions and therefore
the morphological appearance. This effect is deedrby Smets et al.(1999), too. Therefore
for fresh cells the inoculated cell amount was gmitade lower than for the older cells. The

morphological appearance should be investigatel@pendence from the age of a culture.

3.2 Columns and buffer for breakthrough

The transport of gfp-labelled bacteria was condlicteder saturated conditions in columns of
quartz sand (TECO-SIL, CE minerals, -50 +100). @meensions of the columns were 3 cm

inner diameter and 12 cm length.

The used quartz sand (CE minerals, density 2.2 %j/porosity 0.5, diameter +150pm) was
directly used, without sterilization. The cell bgobund and the substrate availability were
determined once as 46ells per 5 g sand and no cell enhancement aferudder standard
conditions, shaker, air access.

The columns (Figure 3-2) were equipped with PE-n{@sh mm, Bickmann) at the inlet and
the outlet for evenly distribution of buffer, teflonesh (pore size 10 um, Bickmann) towards
the sand for filtering bigger particles and to netv occlusion of the detector cells. The
columns were sealed with Teff®D-rings. The package of the column was carried liest,

so that the filling direction was the same as #terlflow direction.
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Figure 3-2 Column setup. Inner diameter 3 cm, length 12 cm.
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To avoid enclosure of air bubbles during the fgliprocess the column body was first filled

25 ml of buffer before the sand was poured in. Raent knocking ensured that the matrix

inside was stratified uniformly. Alternative pougirof buffer and sand was repeated till the

sand surface established a bending that fittedligtance to the mesh of the top (thickness of

the O-ring).
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3.3 Column experiments and experimental setup

Several methods are available for determinatiocedif amount in solution. Direct methods

are cell counter, flow-cytometry and digital imagealysis after fluorescence staining LIT.
Indirect methods like UV/VIS-absorption of cell pegsions are too imprecise and only give
information on the sum of cells. The determinata@dnCFU indicates only the viable and

reproducible cells. However, the UV/VIS-absorptiorethod was used for the qualitative
determination of bacterial breakthrough additiciwafluorescence detection. Methods of cell
counting by means of cell counters are not abledé&tect the differences between
morphological species of one strain, as seen iaratlorks (Agranovski 2003), and lead to a

false estimation of bacterial behaviour.

During the experimental part of this work the methof fluorescence staining of cells,
microscopic detection, and subsequent digital imagalysis to acquire datasets for each
single cell and evaluation by data base queriesopagated, though it was time consuming,
but it gave the most information not only about #maount of cells but also about cell

characteristics.

A scheme of the experimental setup is given in fEg8+3. The column was loaded by a
HPLC-pump (Merck-Hitachi, L-6200) with flow direcm from bottom to top, to maintain
saturated conditions.

The effluent passed a fluorescence- (Merck-HitaEhl,050) and UV/VIS-detector (Merck-
Hitachi, L-4200), a refractometer (Merck, differahtrefractometer RI-71) and was collected
in a fraction collector (ISCO, retriever 500) aadé For calibration with £D the effluent was
not collected. All detectors were controlled by ®erck-Hitachi software HSM-7000). For
controlling the complete setup a sample valve @yee 6-valve) was installed before the
series of detectors. This valve and a controllingnp (Merck-Hitachi, L-7100) were PC-
controlled, too.

Stainless steel columns of 3 cm diameter and 12@prcm length were used. The column
was loaded with buffer (BC minimal medium withoutsGurce) by HPLC-pump with
constant flow rate of 0.1 ml/min, simulating natuwanditions of flow velocity of 1 m/d.
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The effluent passed successively the fluoresceatez:tbr, the UV/VIS-detector and the

refractometer before it was collected by auto sempl

column

v

waste

Sample loop ( v

Fraction
collector

pump

buffer

Control
panel

C: controller

V: sample valve

Figure 3-3 Scheme of experimental setup. Column system, tbetemw and control panel.

The determination of the pore volume was done Bgutating the empty column volume
minus the volume of the sand (calculated by weightl density of 2.2 cffg). The
measurements with conservative tracer were takémavpulse of 1ml 0.05 M f© in M461-
medium, the breakthrough was measured by the tefreter and the effluent was directly
discarded. For the bacterial breakthrough (pulee)dample loop was filled with 1 ml of
bacterial suspension (cell amount aboul @@lls), the cell amount was determined before.
The breakthrough was monitored by fluorescenceetiete (excitation wavelength 360 nm,
emission wavelength 520 nm) and by UV/VIS-absompti®60 nm). The effluent was
collected in fractions of 4 ml (corresponding tordln) in sample tubes containing 400l 4%
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PFA solution (in PBS). The small amount of PFA wasd to inactive the leaking cells and
prevent further growing during the experimentaltime, but avoiding denaturation of gfp

during the long runtime. After 12 h runtime thewuah was removed from the system and
stored at 8°C. Aliquots of fractions (30 ul up t601ul, depending on cell amount) were

counted for total cell amount (see 3.4.).

For comparison between bacterial and particle bheakgh latter was investigated by
pumping a 1 ml-pulse of micropheres (sulforhodammiencapsulated in melanin, surface-

coated with carboxylate groups; Micropatrticles,lB¢into a column.

After the breakthrough had finished the column wpened at the bottom (inlet) and 1cm-
layers were separated, whereas the layer struatasedestroyed. The sand was resuspended
in 50 ml of a 1:3-dilution of 4% PFA (in PBS; 12ml) and PBS (37.5 ml) and left on a
shaker for 1 h at room temperature. Aliquots of I1sapernatant were counted for total cell

amount (see 3.4).

3.4 Microscope procedure and data analysis

The total cell amount of the original bacterial pergsion as well as aliquots of effluent and
supernatant were determined by fluorescence specpy of fluorescence labelled cells. The
detection of pureyfp-expression under UV-light for counting cells oktBamples was not

sufficient, because the excitation-light intensitgs too high, thus a bleaching of the cells

occurred much faster than it took to get the digiteges of the samples.

The method for fluorescence labelling of cells used carried out as described in Weinbauer
(1998), modified by Klauth (2004). Therefore therresponding sample (50-150 ul of
fractions, 1 ml of suspended layer, 100 ul of @10 1:100-dilution of inoculum, depending
on cell-density) was pipetted into a FinStar stagnreactor containing 4 ml of PBS buffer
(pH 7), as described previously (Poschen 2002)fif@tion, an isopore filter (Millipore, 0.2
um, 25 mm diameter, GTBP, Millipore) was used. Titpeid sample was sucked off with 130
mbar underpressure and the retained particles wasbed twice with 4 ml PBS buffer (pH
7). The filter was then coated with 1.5 ml of 5 |BMbr-Green solution in PBS buffer (pH 7)
and incubated for 5 min. Two washing steps weréopaed subsequently.
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The filter with the stained cells was mounted iatdrop of water on a microscope slide after
drying and a drop of water was put on the surféceover slide was used and a drop of
immersion oil was put on the cover slide. The samms viewed under blue excitation light
(Nikon B-2A, excitation 450-490 nm, dichroic mirr805 nm, longpass > 520 nm) at 600-
fold (in some cases 450- or 1000-fold) magnificatibhe experimental setup was the same as
described at Klauth et al. (2004). In Table 2 thtigs are given for the regarding lenses in

different experiments.

450-fold 600-fold 1000-fold
Picture size 750*545 1232*%972 1232*%972
(in PIXEL)
1Px= 0.106um 0.104pum 0.057um
lpym= 9.43Px 9.7Px 17.5Px
Picture size in pfm 80*5 128*101 70.2*55.4

=4.6*10° =1.29*1C° =3.9*1C°
Filter size in cmh 4,15 4,15 4,15
Filterfactor 9*10" 3.22*10 1.07*10
=filter size/picture size

Table 2 Characteristic data and parameters for the diftawsed lenses of the microscope setup.

Each counted cell was classified with 22 parametighich were designated in the KS400
software (Carl Zeiss, Jena). All raw data (for eaolnted cell 22 parameters) were stored
and left unprocessed in a microsoft access dataBgseQL-query morphological portions of

each investigated fraction/layer or inoculum cdoéddetermined as well as calculations of the

biovolume of a regarding sample.
For classification of morphology three limitationsre set, deriving from test data (Table 3):
FERETRATIO = ratio of minimal and maximal extentaof object

NCHAINS = number of chain-coded objects in a regdrdell, within the object, three
dimensions. Chain coding can begin at any poirthefobject, so the number is the

varying parameter (see Figure 3-4).

NCRACKS = number of chain-coded objects in a regadrdell, along the object, in

two dimensions (see Figure 3-4).
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1
2 + 0
3
\ 4 \ \
CRACKS:1,1,1,2,2,2,3,0,3,0,3,0 CHAINS:2,2,4,4,7,7
NCRACKS:12 NCHAINS:6

Figure 3-4 Explanation of crack- and chain-code

classification FERETRATIO NCRACKS NCHAINS
parameter

lens 0.45 0.6 | 1.0 | 0.45 0.6 1.0 0.45| 0.6 1.0
cocci >=0.6 <20 <30 | <50 |11 <20 | <30
rods <0.6 >20 |>30 |>50 | >11 |>20 |>30
ellipsoids rest of cells, that do not fulfil theteria above

Table 3 Classification parameters obtained via digitalgmanalysis

All cells were classified with these limitationshd limitations were combined as “AND”"-
conditions (all 3 limitations have to be fulfilledtherwise the corresponding cells was sorted

as “ellipsoid”).
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This was done outgoing from the 2-dimensional pectaf each cell to a 3-dimensional
geometric body: A circle-formed cell became a splaércell, a coccus, whereas a long,
straight cell became a rod. Figure 3-5 shows thlieesponding figures with the data derived

from the digital image analysis.

4 4
V. = 5773 Volume of a coccoid cell Vi = 5773 +7hr?  Volume of a rod cell

N | FERETMAX= I

1 FERETMAX — FERETMIN
=h-2r

| FERETMIN=FERETMAX= 2 |

FERETMIN= 2r

Figure 3-5 Calculation of the biovolume of different typescals.

Deriving from the parameters FERETRATIO/NCHAINS/NAEBKS another method for
balancing the bacterial breakthrough was done byulzing the biovolume: through digital

image analysis the volume of each counted celldetsrmined (see above).

After upscaling for the cell amount in each frantitayer or in the inoculum the biovolume
could be determined. This remains nearly constantc@ltures, which derived from older

inocula (at least one week old) (Figure 3-6).



27

1,00E+010 H

8,00E+009

6,00E+009

4,00E+009

cell number

2,00E+009

0,00E+000 T T T
Inokulum sum effluent sum layer sum recovery

Figure 3-6 Example: Biovolume remains nearly constant. Ahdligicrease is probably due to rest of metabolic
useable sources of the culture itself.

For cultures, which derived from fresh inocula, véhthe metabolic turnover was quite high,
the biovolume showed a slightly increasing behavidut this increase was very low
compared to a biovolume-increase of an activelyvgrg culture with glucose as salz and

energy source in the same time of 12-18 h runtime.
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3.5 Investigation of stress occurring due to lack of oxygen

3.5.1 Investigation of the increase of cells

To find out the reasons for morphological change egll increase of bacteria during column
passage a culture &t. fluorescens-gfp was grown according to Tappe et al. (1996) in a
chemostat, i.e. without mechanical retardationaxftéria. The dilution rate D was 0.05hs
was the growthrate p. Two aliquots of this chemtostdture were taken and treated as
followed: A control was transferred into a flaskdaallowed to grow under air access and
second a sample in which the solved oxygen wassdedathrough helium for 1 h and
afterwards closed airtight and left growing on 8teker. Both, sample and control were
investigated after 3, 6 and 24 hours and the cetiumt was determined as described before
(see 3.4).

3.5.2 Investigation of the morphological composition of control and
stressed culture

For this investigation simple batch experimentsemdone. Pre-cultures were grown in BC
(with 0.5 g/l glucose) over night under air accéssaker). Afterwards the conditions were
altered in the means of replacement of oxygen Hwrein one of the sample cultures
(culture 2), one was left without possible air exape (culture 3), and one culture was left
under standard conditions as control (culture 1) cAltures were grown additionally for 24
hours. Samples from each culture were taken dyrédetfore the conditions changed (time 0)
and after 24 hours of growing under these changeditons (time 24hr). The investigation

of morphology was executed as before (see 3.4)ascanalyzed by database queries, too.
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4 Breakthrough of Pseudomonas fluorescens-gfp through
guartz sand columns under saturated conditions
without substrate

The topic of this work was the investigation of th@nsport behaviour d®. fluorescens-gfp
in quartz sand columns under saturated conditioiteowt and with substrate addition.
Furthermore the comparison of the obtained breaktir curves (BTC) and retention profiles

with microspheres (MS) has been proved.

The detection of the conservative tracesOD bacterial and microsphere breakthrough
occurred after injection of a short pulse (1ml, aadng to ~0.02 PV). Two different
experiment series were run: (1) without substratditeon (only minimal salt medium as
growing and transport buffer); (2) continuous stdist addition (0.5 g/l glucose) in minimal
salt medium. The variable parameter in each seréssthe culture age, respective the time of
carbon- and energy depletion Bf fluorescens-gfp cells. Prior to each experiment, the
breakthrough curve of J® was recorded, to check if the column was satdrated filled
correctly, and as a reference to compare with theteoial breakthrough curve. Under
established standard conditions the breakthroughmidrospheres was recorded for
comparison of the breakthrough and retardation atigges of bacterial size, shape, and

surface characteristics to the one of metabolivad&tacteria.

4.1 Results

4.1.1 Comparison between the breakthrough of bacteria and
microspheres

The bacterial breakthrough of the genetic modifedluorescence-gfp strain was detected
online by measuring the fluorescence intensityfpfaxpression as a function of cell amount.
This method has the advantage that it keeps the aefive and viable prior they enter the
column in comparison to works where cells were redrky fluorescence dyes prior to the
breakthrough (Becker 2004). The maximum of detetieskthrough of Pfluorescens-gfp

was found at nearly 1 pore volume (PV) (0.96 and4 1PV for fresh and old cells,
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respectively; Figure 4-1). Beside the positionhsf aictual maximum the signal intensity was
also found to be dependent on the duration of cadowd energy starvation of the injected
culture. The signal intensity was high for fresiscevhich is indicative for a larger amount of

cells broken through while the signal intensityr@ased for older cultures

—— fluorescence old cells
fluorescence fresh cells
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Figure 4-1 Breakthrough curves of O (refractive index), bacteria of different agesl anicrospheres (each
fluorescence) under saturated conditions. Eachrawmpat run with a pulse of 1 ml 50 mM,O/Medium 461,
cell suspension or microspheres (1%&6lls, 6x18 MS). Flow rate was 0.1 ml/min

In fact, the intensity signal of thigfp expression could not be calibrated as a functicihe
cell amount because the density of ¢fig inside the cells was changing: The cell divisién o
especially fresh cells (see 4.1.2) led to a dilubé thegfp because the amount gfp proteins
did not increase during the division process. Gndther hand increasing duration of carbon
and energy starvation of a culture led to decreastetsity of fluorescence due to missing

protein translation inside the cells. Due to thikammed heterogeneity of each investigated
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culture the observed signal gfip fluorescence was taken for qualitative controbatterial

breakthrough as in other works (Dunn 2005). Theiadbacterial breakthrough curve was
obtained by cell counting of each fraction (asasatibed in detail later on). The maximum of
fluorescence intensity of the injected MS showedigaificant later breakthrough (at 1.5 PV,

Figure 4-1) for the same experimental conditiotmA(frate 0.1 ml/min).

4.1.2 Influence of duration of carbon and energy starvation of P.
fluorescens-gfp on breakthrough behaviour

For balancing and description of breakthrough aetrdation ofP. fluorescens-gfp the

amount of the recovered cells was set as 100 %gquseccell multiplication during the

breakthrough led to an increase of cell amount 4s&8)

In the effluent as in the column, dependence fromatibn of carbon and energy starvation of
the retained cells was observed (Figure 4-2): bwirgy the duration of carbon and energy
starvation of culture, the amount of retained cellshe column decreased. For cells of the
early log-phase (4h-24h) 57 % to 72 % of the del&pending on the duration of carbon and
energy starvation of the inoculum) were retainedhm column, whereas for 336h old cells
95% of the cells were recovered in the effluent. ¢alls of the early stat-phase (72h) nearly

equal distribution of cells in effluent and colunvas observed.
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Figure 4-2 Cell amounts [%] ofP. fluorescens-gfp found in the effluent and retained in the colunersus
duration of carbon starvation (age of the useducei)t Black: column, white: effluent

The actual breakthrough curves were received bycoahting of each fraction of the effluent
(Figure 4-3) in the investigated range of pore mwmdy and were fitted into a Gaussian
distribution. In contrast to the MS experiment (whenly 0.05 % of particles were recovered

in the effluent) all bacteria experiments showetkgectable and countable BTC.
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Figure 4-3 Breakthrough curves @. fluorescens-gfp through saturated quartz sand columns at diffeagatof
culture compared to the breakthrough curve of nsigheres (1 pm of diameter) under the same condlitibime
line represents the fitted curve as a Gaussiarecurv
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The retention profiles are shown in Figure 4-4. &eping on the duration of carbon and
energy starvation of the injected culture the thstion of cells within a regarded column
changed. Cells of a 4h old culture were retainetivim parts of the column. In the first half
41% of all cells were retained, in the second Kalf% of all cells. Cells of 20h were also
mainly retained in the first half of a column (4Q &nd 7 % in the second half. Increasing the
duration of carbon and energy starvation of a celto 72h led to a distribution where 28 %
of all cells were retained in the last third and%2n the second third of the column. In the
middle third only 13 % were found. In the experimeith the 144h old culture the main part
of the cells (38 %) was found in the last thirdloé column due to the high cell amount in the
next tolast layer, 9 % of all cells were found nearly céetgly in the first half of the column.
For the 336h experiment only 8 % of all cells wéyend in the column whereas only 1 %

was found in the last half of the column.

In contrast to these bacterial retention profilag retention profile of microspheres is
different, because 97 % of all particles were regdiand found nearly completely (87 %) in

the first layer of the column.
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Figure 4-4 Retention profiles oPseudomonas fluorescens-gfp and microspheres. Graphs in descending order:
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4.1.3 Balance of breakthrough based on the total amount of cells.
Morphological change of Pseudomonas fluorescens-gfp during the
breakthrough through saturated sand columns

Comparing the cell amount of injected inocula ane a&mount of recovered cells of each
experiment it was observed that

e the cell amount increased during the passagellsftbeough a column and

e a morphological change occurred

Both, increase of cell amount and morphologicalngeawere dependent on the duration of
carbon and energy starvation of the used cultuabdlél4 and Figure 4-5). The increase was
due to cell-division in means of stress-response &1.3). The small increase of the 4h-old

culture was caused by the delayed beginning of mwf a 3 weeks old inoculum.

duration of carbon and energ¥nhancement (ratio recovere®hase of cell cycle
starvation of culture [hr] to inoculated amount of cells)
x-times
4 7.5 early lag
19 123.5 logarithmic
144 13.5 stationary
336 4.4 late stationary/decay

Table 4 Increase of cell amount depending on durationasba@n and energy starvation of culture. Increase x-
times: cell amount of recovered cells compareajiecied cells (inoculum).

Morphological investigations of the inocula (Figuk&) as well as of samples from effluent
and layers showed that fresh cells looked mostllysttaped whereas old cells seemed to be
of a coccoid form. The third morphological speciég, ellipsoid shaped cells, was mentioned

only in this investigation in detail, further intgmtions focussed on the rod-shaped and
coccoid cells.
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Figure 4-5 Different observed morphological species Rffluorescens-gfp inocula. Pictures obtained from
fluorescence microscopy of different inocula. gresge of culture in h, white line: scaling for 1 pm

The cell shape was different comparing fresh addmdcula: cells from the late exponential
phase (20h) were long rod-shaped (up to 5 um igitedinal extension), cells from the
resting phase (336h) were of mainly coccoid shapeyt 0.5 mm in diameter). Cells which
passed the exponential and were about to enterrdbiéng phase (72h) showed still
longitudinal alignment (ellipsoid shape) but oneildooften find the small arising gap which
were the division seam, which is finally disrupteden the small coccoid cells emerge. Cells
which were in the early log-phase (4h) showed eitbeccoid- or rod-shaped profile,
depending on the duration of carbon and energyatian of the used preculture. It took a
longer time for older cells to enter the exponédrlzase — that means to start growth - than
for fresh cells. This effect was described befdtkeid 1996), where the recovery time (time
that cells needed to enter the early log phaséato the exponential growing) was increasing

with increasing duration of carbon and energy stiown of the cells.

Figure 4-6 shows the dependence of the amount @fslh@ped and coccoid cells in a

determined inoculum from the age of the used celtur
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Figure 4-6 Change of the morphological compositionPof fluorescens-gfp inocula as a function of the age [h].
White: coccoid, grey: rod-shaped cells.

The highest amount of long rod-shaped cells (55W#8 observed for log-phase (20h old)
cultures, whereas this amount decreased with iszrgage (cultures of the stationary phase):
47 % for 72h, 21 % for 144h and only 19 % for 366he small amount for the 4h old culture

was due to the fact that at this time the cultuiss wgtarting the growth. The amount of

coccoid cells was increasing from 23% to 43% wiitréasing duration of carbon and energy
starvation from 20h to 144h and older.

The duration of carbon and energy starvation ofiltue was the main factor affecting the
distribution of coccoid and rod-shaped cells eitimeeffluent or in a column. In Figure 4-7

amounts of coccoid and rod-shaped cells in effl@emat in columns were plotted. The dotted
trend lines indicated that with increasing age d@ingount of coccoid and rod-shaped cells

increased in effluent and decreased inside themooli'he reason for the different slope of
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the trend was the presence of the third morphodbgpecies, ellipsoid shaped cells (see
Figure 4-5), which built the in-between of coccartl rod-shaped cells.
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Figure 4-7 Composition of effluent (left band) and columngliti band) with coccoid (upper band) and rod-
shaped (lower band) cells versus the age of areultu

Detailed observation of the depth profiles (Figd+8) suggests that the amount of rod-shaped
cells was slightly decreasing to the outlet wherdbges amount of coccoid cells was not

changing very much within the single layers of &uom. The amount of rod shaped cells

changed for fresh cells (20h) from 20 % (averageahe first four layers to 13 % (average) in
the last three layers. For old cells (144h) the amalecreased from 12 % (average) in the

first four layers to about 7 % in the last thregels. The portion of coccoid cells showed a

broader variability in the first layers than in tlast: In the first four layers the range was from
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35 % to about 50 % for 20h-old cells to 55 % to%0for 336h-old cells. The amount of
coccoid cells in the last three layers slightlyreased for the 20h-old culture from 45 % to
50% (20h) and remained constant at 55 % for thé&-2&@ culture.

Comparing the effect of the age, a trend was olsemy increasing the age the amount of
rod-shaped cells in the first three layers decretggem mean 23 % for logarithmic phase
cells to mean 16 % for late stationary phase cell®reas at the same time the portion of

coccoid cells was increasing (from mean 39 % fgaftdhmic phase cells to mean 50 % for

late stationary phase cells).

Figure 4-8 Distribution of coccoid and rod-shaped cells ipels. % related to the cell amount in the regarding
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Investigations of the morphology of the cells foundhe effluent (Figure 4-9) showed that

the amount of rod-shaped cells is highest in foadtiin proximity of the maximum

breakthrough. At the same time the amount of caktcells is decreasing in the proximity of

the maximum breakthrough.
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Figure 4-9 Distribution of coccoid and rod-shaped cells in #f#uent. % related to the cell amount in the
regarding layer (100%). Points: coccoid cells, sgsiarod-shaped cells
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A general conclusion is that an increase of dumatiocarbon and energy starvation leads to a
greater breakthrough of cells. The morphology efahlls in the effluent is tending to smaller

cells whereas the cell retarded inside a colummame rod-shaped.

4.1.4 The morphological change of P. fluorescens-gfp under static
conditions

The cell increase during the column passage andhhege of morphology was examined in
batch experiments. It was assumed that during dlsegge of bacterial cells through a column
(>10 hours), the oxygen deficiency was a stres®fa®esponse to this stress could be the
multiplication of cells leading to morphologicalariges from rod-shaped cells into coccoid

cells. The biomass stayed constant.

The experiments were carried out as described d¢fae chapter 3.5.2). The increase of the
amount of cells was determined as the quotienetifaenount after growing without oxygen

for 24h and cell amount of a control culture grogwmith oxygen.
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Figure 4-10Culture ofP. fluorescens-gfp (18h old, log-phase) were degassed with heliumi forand afterwards
incubated without oxygen. The increase of cell amidy-axis) is plotted against the incubation ti(reaxis)
after degassing.



43

In Figure 4-10 the increase of cell amount is pldthgainst the incubation time of a culture
after degassing the oxygen for 1 h with heliumti#g start the cell amount of degassed and
control culture do not differ, but after additiondlh the degassed sample shows a cell
increase of approximately 1.5 time more than thetrob under normal oxygen conditions.
The effect is greatest after 24h when the degassmble consists of more than 4.5 time more
cells than the control culture does. After growungder degassed conditions samples were
taken to investigate the growing potential of theessed cells. To control the recover
potential of stressed cells in comparison to cgfiswvn under standard conditions the cfu
guota was determined (Figure 4-11). The degassagleg30 min) delivered a value of 0.6,
the control one of 0.55, thus, the stressed calisrecover to a standard level and are able to
build more colony forming units.

1.2

O Control
B Degased

0.8 -

0.6

0.4 -

quota CFU [%]

0.2

1 15 30 60
Oxygen degasing time [min]

Figure 4-11 Quota of viable cells after different oxygen deggsiimes. The viability is measured by colony
forming units of treated cells in comparison tooatcol. Quota cfu [%]: amount of cells that areeatul recover.

The morphological change which occurs after 24la idegassed culture (Figure 4-12) was
significant compared to the control, in which acass was possible. In a control the amount
of rod-shaped cells is higher (36 %) than the arhafircoccoid cells (26 %), whereas the
ratio in the degassed culture is vice versa (350%e@d cells, 25% rod-shaped cells). For a
culture where no fresh air has access (contaiestaof oxygen in its atmosphere, sample 3)
the ratio is similar but not so large (34 % cocomtls and 28 % rod-shaped cells).
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Figure 4-12 Morphological change of degassed cultures afteh Btubation without oxygercontrol: shaker,
air access possibl@: shaker, degassed with He, no air excharyeshaker, airtight (no fresh air, rest of
oxygen). White: coccoid cells, grey: rod-shapedscel

Therefore, lack of oxygen is a stress factor whHedds to an increase of cells, which are
mostly coccoid. Although these cells are stresshdy are able to grow again when
transferred to normal growing conditions, even abléorm cfu.This also implicates, that for

the breakthrough of bacteria the conditions insidmlumn are characterized by insufficient

air-exchange and therefore magnification occurbauit culture growing.

4.1.5 Influence of experimental runtime on bacterial breakthrough

In this work pulse technique was used instead aticoous addition of bacteria. Only few
results are presented obtained by pulse techniGhen( J.Y. 2001; Hall J.A. 2005). The
influence of runtime on the bacterial breakthrobgh to be mentioned because an increase of
runtime was assumed to cause elution of cellsmtité means of actual breakthrough but in
the means of continuous release. This effect wasstigated for old cells (late stationary

phase) and fresh cells (early logarithmic phaselitérature there are normally investigations



45

attempted with continuous addition of particle solu (Bradford 2002, 2003, 2006) which

led of course to an extension of runtime.

The amount of cells found in the effluent and ie llwers was dependent from the runtime of
the experiment: Increase of runtime led to contususelease of cells. This effect was

significant in experiments with cells of the statwy phase (Figure 4-13). Elongation of
runtime from 1.4 PV to 4.8 PV led to a decreasambunt of cells in especially the first half

of the column from 38 % to 10 %, the amount of<ellthe last section increased from 34 %
to 37 %. In sum the amount of cells which was retdiin a column decreased from about
73 % to 47 % when the runtime was increased.
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Figure 4-13Influence of experimental runtime on the distribuatiof stationary phase cells in a column after
breakthrough. White: 1.4 PV, black: 4.8 PV

The effect of runtime on the distribution of cetisthe early log phase (Figure 4-14) inside a
column was as expected from the experiments wilcells. Experiments were conducted for
the duration of 1.3 PV and of 2 PV. The total antoafncells which was retarded inside the
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column decreased from 84 % to 19 %. In detail, 28f%he recovered cells are found in the
first half of a column after a short runtime and %7in the second half. At increase of the
runtime to 2 PV the amount of cells in the firstflilecreases to 14 % and in the second half
to 5 %.
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Figure 4-14 Influence of runtime on the distribution of log geacells in a column after breakthrough under
saturated conditions. White: 1.3 PV, black: 2 PV

An increase of the experimental runtime appeareaninncreased breakthrough of cells, as
well for older as for fresh cells. This indicatest for continuous flow rate a larger amount of

cells was washed out which may be an effect ofrsirg.

It can be assumed that for endless applicatiomoéaus solution in case for stationary phase
cells all cells are found in the effluent. Considgrthe viability of cells (even after occurred

breakthrough and even for stationary phase cellig) teansferred these results to natural
environment one can assume that for potentialligugnic cells the passage from the aquifer

to the groundwater is possible and therefore aaromation can take place. In cases of
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biofilm production this effect may cause a continsideaching of cells into the surrounding

aqueous system and therefore may act as a (patbhpgeservoir of cells.

4.2 Discussion

For all experiments the pulse technique was usealdtbthe bacterial suspension onto the
column. This was performed to limit the added ctlls level that could be counted after the
breakthrough. A continuous addition of a bactesalution — as described in literature
elsewhere - would have made cell counting aftealkiteough impossible. In this work the
added cell amount remained in the range df a&fd 18 cells per experiment, continuous

addition meant the addition of 100-times of thisoamt.

4.2.1 Bacterial breakthrough compared to breakthrough of microspheres
and D,O

Microspheres in similar shape and dimension as traedr bacteria were applied in transport

experiments as a kind of standard. Shape shiftimd) @article increase effects could be

normalized to this standard.

The possible reasons for the simultaneous breakghr@f P. fluorescens-gfp and DO at

~ 1 PV and the significant earlier breakthrough Roffluorescens-gfp compared to the
microspheres assumed to be (1) different sizesaoteba and microspheres, (2) different
surface-characteristics, (3) movement by flageiid é4) oxygen-stress and favourite routes

along the matrix-column body interface.

(1) For the old small bacteria (1-4 pum length, g diameter) on the one hand and the small
particles (1 um in diameter) on the other handirstrg is the main reason for the delayed
breakthrough and high retardation (Bradford divyrpphy 2000). This effect elucidates the
phenomenon that small particles are trapped inapares and throats of the matrix which
disables further transport. The older cells reachaximum breakthrough of pore volumes
short past 1 whereas the larger fresh cells exaibreakthrough before 1 PV. For the inactive

microspheres this is significantly shifted to pgmumes of ~1.5. A concentration dependent
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straining can be excluded, because both experimeaits conducted with a total of ~°10
cells/particles. The same results are obtaineddpk& et al. (Becker 2004), where compared
to bacterial breakthrough the breakthrough of negit charged microspheres took place
later. At low flow rates bacterial attachment irases to increase the ability to grow. But for
motile bacteria like P. fluorescens the flagella aot only the part for preferred attachment to
matrix surfaces but also the part which enable llheterium to free itself, to detach
(McCaulou 1995, McClaine 2002). Thus, at inconvenieonditions this detachment
behaviour of especially fresh cells would explane tearlier breakthrough. The other way
round, inorganic particles are only attached byfaserinteractions and cannot free

themselves actively.

(2) The more hydrophobic cell-surface of bacterevpnts interactions with the silica matrix,
whereas the microspheres are involved in strongéomtls between their surface and the
matrix. The repulsion forces of bacterial cell sgd and the matrix are responsible for the
bacteria resting in a resulting fast water frortisTleads to an early breakthrough of < 1 PV
(LIT).

(3) Fresh cells ofPseudomonas fluorescens-gfp exhibit flagella which allow forward
movement additionally to the movement caused byemwdtx. Increasing age of bacteria

leads to decreasing content of flagella, whichoimpletely missing for resting cells.

(4) The lack of oxygen inside the column causesexttd movement of especially fresh cells
of about 40 pum/sec (Schlegel 1992; Sen 2005) onrtkehand towards the column outlet and
on the other hand along favoured routes at thenmelmatrix interface that may exist. These
routes are accessible for both, bacteria and npbergs, and could be visualized in a system
of quartz sand under saturated conditions and wsptreres by the method of
macrophotography (Klauth P. submitted). It coulddsmonstrated that a high amount of
particles were attached to the regions adjacerthéocolumn body, assuming favourable
breakthrough of particles. However, parallel siragrand absent active motility prevented the
small particles from breaking through the colummcobntrast to this hypothesis, a gradient of
oxygen and chemotaxis could lead to movement tosvere inlet, where oxygen is supplied

by fresh medium.
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4.2.2 Morphological change of Pseudomonas fluorescens-gfp as a cause
for breakthrough behaviour and retardation. The impact of oxygen

deficiency as observed under static conditions.

Beside the flagella movement mentioned above twim @mspects are assumed to have a high
impact on the transport behaviourRffluorescens-gfp through quartz sand columns and the
succeeding distribution inside the columns: (1Yedént sizes and shapes as well as (2)
changing hydrophobicity. Varying age of the usetiutas and the oxygen deficiency inside

the column were the reasons for these two effegiimed in the following.

(1) Wilhelm et al. (1998) showed that the size @dting cells ofP. fluorescens from the
stationary phase was only a third of the size ofwgng cells (log phase) as it was observed by
Smets et al. (1999), too. In the experiments of thiesis the size shrinkage was strongly
dependent on the age - and therefore the durafiearbon starvation - of the used culture.
The metabolic active cells of about 20h showedghdn potential for the cell division of the
rod-shaped cells into several coccoid cells thandlder cells did. Only the size shrinkage
with cell enhancement in parallel would result ilater breakthrough of older cells compared
to the breakthrough of fresh cells because thesmdller cells would have been trapped in
micropores and the fresh, larger cells go throughpracess like in size exclusion

chromatography.

(2) The surface composition of cells changes sicamitly during the cell cycle. Chen and
Strevett (Chen 2001; Strevett 2003) showed thhabafih the zeta-potential was not changing
during the lifetime of a culture, the compositidittte cell membrane did. Results from Sanin
et al. (Sanin 2003) obtained by MATH-test showedanges in hydrophobicity with
increasing age of the cells. Older cells showedghdn hydrophobicity than fresh cells did.
Assigned to the system used in this work the efééchigher hydrophobicity of old cells
would lead to an earlier breakthrough of statiorrgse cells of Rluorescens-gfp caused by
lower interactions of cell and matrix surface. fflypthe hydrophobicity would be considered
for bacterial breakthrough, and retention respedttiviogarithmic phase cells would break
through later due to stronger interactions of ggarding surfaces. Moreover this would lead
to a retardation of cells. This phenomenon is dieedrin literature dealing with breakthrough
experiments under unsaturated conditions, wherebtlakthrough behaviour of different
bacteria with different cell-surface charactersticere conducted as a function of the degree
of saturation (Schaefer 1998).
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Only theoretical investigations about total freeerggy were made by Chen and Strevett
(2001). They came to the conclusion that cells leg togarithmic phase showed less
hydrophobicity (higher hydrophilicity) than statemy phase cells. At the same time these
stationary phase cells were calculated to haveylaehitrend to attachment which resulted in
higher deposition on the matrix. In sum, they psguh that if only the total free energy
would be mentioned, logarithmic cells would brebkotigh in a higher amount, stationary
phase cells would be retained. The results ofwlugk are not consistent with the described
results of Chen and Strevett. The observed diftebeaakthrough curves and retardation
profiles can not be explained by only one physikeraical value. Also the chemical factors
like surface-composition and physical dimensioke Bize have an impact on the distribution

between effluent and column of cells of a certga a

In Figure 4-15 a sketch is shown to summarize thtaioed features of breakthrough and
retardation ofP. fluorescens-gfp. The resulting effect is dependent from the agthefcells.

Weighting of a single effect is changing with vamyiage of the culture.
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Figure 4-15Summary of results obtained by breakthrough asetitan of age of culture.
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Conferred to the obtained data in this work thengjtia and relevance of a single effect
(trapping in micropores, size-exclusion and hydaiptity) could not be determined because

in some cases they went in opposite directions:

e Fresh, hydrophilic cells broke through earlierrtitdd cells: The large cells which missed
cell division broke through at first due to sizeckession. The left coccoid cells were trapped
in pores inside the matrix as occurred in the drpamts with old cells. For a great part of the
large cells inside a column cell-division led to mmtrease of cell amount, that is, the
emerging small cells were trapped in microporegdeshe column. .Additionally the cells

were attached to the matrix due to H-bonds of tleeenhydrophilic cell-membrane of the

fresh cells. These effects resulted in a highepsdigpn/retardation and lower breakthrough of

the greatest part of fresh cells.

e Although older cells were assumed to be trappeahiacropores (which is the explanation
for the later breakthrough maximum), they were lyefound quantitatively in the effluent

due to the higher hydrophobicity, which preventeent from being attached to the matrix.
This detachment seemed to be the main factor infing the breakthrough of older cells,

because there was hardly any deposition found.

The obtained data of the breakthrough curves aedtren profiles indicated that the effect of
hydrophobicity and therefore the interaction betwéke surfaces of cells and matrix is
smaller than the effect of size exclusion of laege trapping of small cells. Therefore, the
changing shape from rod-shaped to coccoid anddhksilulity of fresh cells to move on their
own are the main factors influencing the actuabktlerough and the distribution inside a

column.

4.2.3 Investigations of the morphological change of P. fluorescens-gfp

under static conditions in chemostat and batch experiments

Sanin et al. (2003) found size shrinkagd?edudomonas from rod shaped to spherical shape
with increasing age after starvation for carbon rfitrogen). The reason for this behaviour
was that the cells tend to increase their surfaea &0 volume ratio as a response to
starvation. Thereby the ability to transport neaggsutrients into the cells with minimum

energy consumption should be adhered.
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The effect of oxygen deficiency can be describembating to these results, because cell-size-
decrease may be the reason for the response txylgen-deficiency which occurred during
the passage of cells inside the column althoughtithe range of the oxygen-starvation
(hours) was significantly smaller than the one dbemical starvation (days or weeks). The
strength the response occurred was dependent fienage of the used culture. For other
gram-negative bacteria it is known that oldersalle more stress-resistant than fresh cells
are and therefore the response does not have &g lzge as for the fresh cells (Smeulders
1999). This is consistent with the results of thigk where the increase of cell amount due to
stress-response for old cells is a fractional péufiold increase compared to the inoculated
amount of cells) of the one of fresh cells (1253fahcrease compared to the inoculated

amount of cells).

To get an idea how the oxygen deficiency has almente on the bacterial behaviour, the
experiments were performed under static conditidhgse chemostat and batch experiments
showed that oxygen deficiency causes fast cellomesp (in hours) similar to chemical
starvation for carbon of nitrogen (days and week<ould be proved that oxygen deficiency
caused cell size shrinkage, and therefore morphz@bghange occurred. The size shrinkage
was attended by increase of cell amount due todoaBion. This cell division was basically
possible for young cells, so that the increaseetifaamount was observed especially in fresh

cultures.

The resulting size shrinkage as a result of oxydgficiency is a fast occurring effect in the
range of several hours in contrast to real nutrigiarvation and it results not only on
size/shape but also on surface composition aftgs da weeks. Therefore, the oxygen
deficiency should be considered for experimentseuséturated conditions as a main cause
for cell enhancement when working with logarithmiase cells.

In sum, the factors which are responsible not émiythe breakthrough but also on the spatial
distribution inside a column are found at the fiéhe used cultures as well as at the side of
the used system. For the cultures the age is the factor affecting the size and shape as
well as the composition of the outer cell membrdfa. the system the saturated conditions
without substrate lead to limited oxygen availapind therefore a cell response occurs via

cell division.
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5 Breakthrough behaviour of Pseudomonas fluorescens-
gfp under continuous addition of substrate

5.1 Results

5.1.1 Distribution of cells in effluent and column depending on the age of
the used cultures

The experiments under saturated conditions weréonpeed under continuous substrate
addition at a concentration of 0.5 g/l glucose imimal medium (M 461), the experimental
runtime was extended due to the start of growisgdlemthe column and therefore not only the
pure first breakthrough could be detected by flaoeace signal but also the breakthrough
behaviour afterwards in dependence from the agbeofnoculated culture (Figure 5-1). The
enhancement of cell amount (ratio recovered to ulated cells) is given in Table 5. As
mentioned before 4.1.1 the fluorescence signalokasrved for qualitative causes. The BTC
themselves were plotted as cell amount versus RyuI& 5-1). The acquired cell amount
again was the sum of the recovered cells in effl@eal column, a detailed partition in cell

growing and cell-division as stress response wa®tbrenot possible.

duration of carbon and energy starvation &hhancement (ratio recovered to inoculated
inoculated culture [h] amount of cells), x-times

5 8.7

24 81.7

96 3.1

500 12

Table 5 Recovered amount of cells compared to inoculatdi$.cEnhancement in dependence of duration of
carbon and energy starvation of the inoculatetuoei[h].
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For further investigations of cell amount the pafrthe BTC before 1.0 PV and after 1.0 PV

were examined in detail. The obtained amounts ki€ aee listed in Table 6.

Age of | Amount of cells found in the Amount of cells found in Amount of cells in
culture effluent before 1.0 PV [%] | the effluent after 1.0 PV effluent [%]

[hr] [%]

5 24.1 32.4 56.5

24 38.0 22.8 60.8

96 7.5 79.2 86.7

500 14.1 65.1 79.1

Table 6 Amount of recovered cells in the effluent befonel after 1.0 PV in dependence from the age [% of
total recovered amount of cells in the experiment]

For a culture of 5h of growing, where the changemiarphology, physiological state and
surface characteristics are mostly different. T breakthrough observed by fluorescence
detection took place nearly directly after injentiovhich contains 24.1 % of all cells. A small
shoulder before 1 PV and the main breakthrough afé PV contained 32.4 % of all cells.
As well as for the experiment without substratehe regarded substrate experiments it was
important to note, that the recovery time (the tiitme culture needed to start growing and to
enter the logarithmic phase) of the inoculum of tdture for the 5h experiments had an
influence on the original composition of the inagul of the column (see 4.1.2).

A fresh growing culture of 24h showed no uniqueaktkerough, the fluorescence signals
showed only a slight increase during the runtirhe, high peak at the end was a technical
artefact. To keep the division of the BTC as in ttker experiments the amount of cells
before and after 1.0 PV were determined: 38 % loells broke through before and ~23 %
after 1.0 PV.

The best detectable breakthrough curve via fluemse signal was obtained for 96h old
cultures with a main peak and a shoulder of breakth later at about 2.3 PV. The main
breakthrough obtained by cells counting was shiftedigher pore volumes. Thus, before 1.0
PV only 7.5 % of all cells were recovered and drgést amount of about 79 % afterwards.
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Old cultures of about 500h showed a broader pedkefluorescence signal suggesting two
occurring breakthrough curves which could not banexed separately. The defined border

of examination of 1.0 PV delivered 14 % of all sdllefore and 65 % of all cells after this
border 1.0 PV.

The age of culture had also an important influence only on the shape of breakthrough

curve itself but also on the cell distribution beem effluent and column (Figure 5-2).
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Figure 5-2 Distribution of cells in effluent and column deplérg on the age of a culture.

For log-phase cells, 5 and 24 h old, 44 % and 4@3$pectively of these cells remained in the
column, even after a long runtime of more than”\4 This is in contradiction to the results
of experiments without substrate, in which 20 %hef used fresh cells were retained in the
column after a runtime of 2 PV (see Figure 4-149r Blder cells the pattern looked
corresponding: despite the long runtime (of moentd PV) 15 % to 20 % of cells remained

in the column. Without substrate cells of theseallfures broke through nearly to an amount
of 95 %.
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The retention profiles of the breakthrough expentaare shown in Figure 5-3. There was no
distinct pattern in either experiment. Within aasted column the distribution of cells was
nearly unique, only a slightly higher amount ofl€elt the inlet and the outlet was observed.
Among several layers the difference of retainedsaghs about 1.1% to 7 % (for the 5h old
culture), 1 % to 4.1 % (for the 24h old culture)l % to 1.5 % (for the 96h old culture, 6 %
of cells in the first layer should be the exceptiand 0 % to 5.8 % (for the 500h old culture).

For Pseudomonas fluorescens-gfp the addition of substrate led to a greater breakth than
without substrate. The retention profiles showeddadinite shape for none of the used
cultures, that means the distribution of cellsdesine column with substrate seems to have no

preferential paths or deposition sites.
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Figure 5-3 Retention profiles of columns after breakthrou@tPseudomonas fluorescens-gfp of different ages
under continuous substrate addition. Layer numfiesm inlet to outlet) versus retained cell amount.
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5.1.2 Morphological aspects

The morphological composition of effluent and cotuns given in Figure 5-4. In these
investigations only coccoid and rod-shaped celleeveensidered. The morphological species
of ellipsoid cells was ignored as mentioned before.
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Figure 5-4 Distribution of coccoid and rod-shaped cells iflueint and column after the breakthrough under
substrate-addition as a function of duration oboarand energy starvation of the used culture [h].

The amount of coccoid and rod-shaped cells in thenen appeared to be independent from
the age of a culture; the amount remained constiaotit 20 % and 40 % respectively with a
slight decrease. The portions in the effluent wagee influenced by the age of cultures: the
amount of coccoid cells was decreasing with inadngasige from 5h to 24h whereas the

amount of rod-shaped cells was increasing. Furihenease of age to 96h and 500h the
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amount of coccoid cells increased again to a le¥&0 % and finally reached an amount of

39 %, whereas at the same time the amount of rapgeshcells decreased to a level of 13 %
and ended at 19 %.

For the old culture of 500h the differences in cosipon of effluent and column were
evened: The amount of each morphological specieffliient and column was nearly on the
same level: about 20 % rod-shaped cells and 40¢owmb cells.

Figure 5-5 shows the different compositions of d#ftuent after detailed examination. The
amount of the morphological species for the 5hand the 500h old culture are nearly the

same. The greatest difference in composition iaddor the 96h old culture.
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Figure 5-5 Morphological composition of different regions dfleent and column after breakthrough versus
duration of carbon and energy starvation (age téicu[h]). left: coccoid cells, right: rod-shapeellls



61

The investigation of the morphological compositioincells inside the column layers after
bacterial breakthrough is shown in Figure 5-6. Bo¥ 5h experiment the portion of the
coccoid cells as well as the one of rod-shaped eedls not varying significantly within the
column layers, 37 % to 45 % for coccoid cells, a8 to 23 % for rod-shaped cells. For the
24h experiment a general tendency was observedammeunt of rod-shaped cells was
increasing within the column from 10 % at the in@83 % at the outlet, whereas the amount
of coccoid cells was decreasing in the same doedtom 50 % to 34 %. That means, for the
logarithmic phase cells the last layers of a colwuonsisted of nearly the same amount of

coccoid and rod-shaped cells.

For the 96h old (stationary phase) cells the amoficbccoid (about 43 %) and rod-shaped
cells (about 20 %) within the column remained neadnstant with a slight increase of each

species towards the outlet.

For the late stationary/decay phase cells (500htdacoid and rod-shaped cells no unique
pattern was observed. The fitted line indicatedremease of coccoid and rod-shaped cells
from inlet to outlet. The quota of rod-shaped cualith values from 12 % to 20 % was not as
much differing as the quota of the coccoid cellfwalues of 30 % to 50 %.
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5.2 Discussion

5.2.1 General aspects

Up to now there are only a few paper in which rssaf bacterial transport under saturated
conditions and simultaneously substrate additiomur(¥y 1997, 2000; Jordan 2004) were
obtained. To simulate the aquifer saturated withwvtlater of the groundwater beneath, the cell
amount should not exceed a level of 1®1¢ per ml. Pure groundwater generally exhibits a
sum cell concentration of $@er ml (Uhlmann 1982), therefore the adjacent stmduld have

a cell amount of 10or one to two magnitudes higher. Hence the disataigee of the above
mentioned works is the high cell amount of celle da equilibration of saturated columns
with cell suspensions of 1@ells per ml throughout the hole columns. The ltggychanges
and observations can only be seen as results dediadation essays, where the limited
amount of substrate (salicylate) is degraded bgxaess of biomass and therefore no culture

growing is observable. Conditions in natural systeme different.

In contrast to the setup used in literature, tHeamount used in this work was limited by
inoculating only approximately £@o 10 cells (for a filling of 100 g sand) to ensure thay

effect of substrate-addition could be acquired.uissg real growing of culture the amount
of the emerging cells should not exceed a valuepeoed to the amount of cells in natural
systems. As observed from results of experimentisowt substrate the limiting factor inside
a column was the oxygen availability. This oxygeuld act as the final electron acceptor of
the degradation of excess of glucose by a defanteunt of biomass. Moreover, influence of
growth on the bacterial breakthrough and spatiatridution inside the column could be

detected.

As described for the experiments without substtiaéebreakthrough behaviour of cells was
unexpected. Especially the breakthrough of the gooultures of 5h and 24h had to be
investigated carefully. On the base of the fluoeese signal breakthrough appeared directly
after injection. The corresponding cell amount lo¢ tregarding fractions of the effluent,

measured as microscopic counts, showed also a threagh of cells. Furthermore,

comparison with the regarding breakthrough curv®4) indicated that the package of the
column was filled correctly. Compared to resultditerature the breakthrough of cells before

0.8 PV is described the first time. This early litheough can be explained by the oxygen
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deficiency inside the column, as mentioned aboee &2.3). This aerotactic effect could be
seen as a special chemotactic effect as descripadubphy (Murphy 2000) and Sen et al.
(2005) in their modelling considerations. Other glble reasons like preferential flow paths
or boundary effects could be responsible, too,Hawe beerpresent also in the experiments
without substrate (see above). These boundarytsfigere excluded by conducting@

breakthrough before bacteria were added.

Chemotactic effect in the regarding system is @€l on the substrate availability but on the
limitation of oxygen inside a column. As resultstivaut substrate indicate the oxygen
deficiency leads to cell increase accompanied aithange in the morphological ratio. Under
substrate addition the increase of cells is enkhramditionally. This phenomenon was
described as mother-daughter or shedding cellsgMu2000). It is assumed that the mother
cell is attached to the matrix and the emerginggtear cell is released to the aqueous phase.
This behaviour would explain the higher amount eliscin the effluent, but not the faster
breakthroughof cells in the effluent in presence of substrdtentin the effluent without
substrate. An explanation could be the oxygen sfay of not only the saturated system but
also the substrate availability resulting in a éasise of oxygen. This forces the cells to a
faster breakthrough. This faster breakthrough carestablished by the own movement by
flagella motion. The assumed velocity of a bacterithat is able to move via flagellae is
about 20 to 60 pm/sec (Schlegel 1992; Sen 2005ugg a mean velocity of 40 um per
sec, the covered distance of a cell would be 2.4 pem minute or 14.4 cm per hour.
Transferred to the experimental setup of this w@dk cm length of column), the cells could
reach the column outlet in 1 hour. In 1 hour a ooiUPV of ~42 ml) is washed for a seventh
part (flow rate 0.1 ml/min). If this could happeheg first cells could reach the outlet after
1/7=0.16 PV. In this work breakthrough experimentse performed with fresh cells under

simultaneous substrate addition were the firssag#ire recovered after 0.2 PV.

A model of Sen et al. (2005) predicts no influenteubstrate to bacterial breakthrough for
experiments lasting less than 10 pore volumesl.atlaeir model is only valid for more than

10 up to 60 pore volumes therefore it cannot besteared to the system of this work. The
general statement that for low pore volumes thie@nice of substrate addition is negligible is
disproved in this work. In the same paper estinmatiabout the influence and the magnitude

of chemotaxis are described.
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Under substrate-missing conditions the cells dostmw this behaviour, although they are
active (they divide) and they pass the column $icamtly earlier than inactive particles do.
Hence it is assumed that substrate addition lea@shigher chemotactic effect, because the
limiting factor — oxygen-availability — is under ayving conditions worse than just for

conditions in which the cells tend to keep thenvaral.

Under this aspect the breakthrough of a higher amof cells under substrate addition
becomes clear because inside the column the conslifor effective use of the glucose are
worse than in the effluent where oxygen is avadagain. This effect results in a cell amount
of maximum of 8 % cells in each layer. The distiba of fresh cells inside a regarded
column was not significantly changing compared e bne of old cells. In either of the
experiments cells were found throughout the colwwithout preferences. The morphological

species inside single layers were changing onlyoigarithmic cells.

The morphological change of cells in the presericibstratevas more complex than in the
experiments without substrate. Not only the stogssxygen led to an increase of cell amount
also real culture growing occurred. This was notmagh as under standard conditions in
liquid culture due to a limitation of oxygen. Theltare growth had an effect on the
breakthrough shape of the fluorescence intengityasi For logarithmic phase cells the signal
showed a broad range with no distinct peaks. Thesssks were observed only for old
stationary phase cell§he spreading of morphological different speciesc¢oid and rod
shaped cells) between effluent and column in degpeeel of the age of the culture showed
that for young cells (logarithmic and early statonphase) the amount of rod shaped cells in
the effluent decreased whereas the amount of abamlis increased. The amount of cells
which is retarded inside a column is decreasing antage of culture of 24h, at the same
time the amount of cells breaking through was iasieg. From 24h on the amount in both
compartments stayed constant. For cells of theostaty phase the amount of every species in
each investigated compartment stayed constant.itubserved for the species distribution
inside a column, too. That means no change froncaddo ellipsoid shape or from rod to
ellipsoid shape occurred.
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5.2.2 Comparison of bacterial breakthrough without and with substrate-
addition
Compared to the work of Jordan et al. (2004) thdyfsimple system used in this work
(quartz sand under saturated conditions and addibio substrate continuously) has the
advantage that results of the experiments and asiocls from experiments without substrate
could be transferred to the substrate experimdifis.results of Jordan et al. omits the fact
that transport of bacteria through any saturatet or soil column leads to stress response of
the cells. As shown in this work this response neayl to cell enhancement that has to be
distinguished from with real culture growth. Thishancement occurred due to cell division

of fresh rod-shaped cells into several smallecommtcells.

The most striking difference of substrate-missing aubstrate-addition experiments was the
amount of cells in effluent and column as a functage of the used culturla experiments
without substrate the increase of cells in effluemd simultaneously the decrease of cells in
the retention profile of the column showed expoiamtecrease in depth. This resulted in a
point of intersection at the age of ~ 100h. Froims #ge onwards the gap of cell amount in
effluent and column was increasing with increasagg. Before this point of intersection the
different amounts were not so significant. Thisnpadf intersection may be assumed as a
point where a change in cell cycle occurred, thangle from stationary to decay phase,
accompanied by surface composition and size shymkahis change was also seen in
investigations of Chen et al. (2003) where difféersurface compositions were observable in

IR-measurements.

The amount of cells in effluent and column as acfiom of age under substrate addition
showed exponential decrease of biomass in depth, The resulting amount of cells in
effluent was always higher than the amount insige ¢olumn. With increasing age the
amount of cells in effluent increased and in coludecreased (see Figure 5-2). The
distribution between effluent and column did noartpe with increasing age, i.e. there was no
point of intersection where the distribution chahg&his indicated that due to substrate
addition the differences of cells of different agelsere negligible that means that all cells
started growing. The only difference was the faet blder cells needed more time to recover
to enter the logarithmic growth phase.

The amount of coccoid cells in a column decreasesaily with increasing age when there is

no substrate available. The amount of rod-shaphlsl was also decreasing linearly, too, but
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with a smaller slope of the fitted straight lildhe amount of coccoid and rod-shaped cells in
the effluent increased linearly with similar slop@$ie change of total cell amount in the
regarding compartment is due to the increase tind thorphological species, the ellipsoid
cells.These cells were not taken into account in allinvestigations because their quota was

calculated as the difference to 100 % beside cdcaod rod-shaped cells.

The results from the experiments with substratetimdshowed that with increasing age
decrease of retarded cells occurred uniformly dfetteed both, coccoid and rod-shaped cells
in the same level: the amount stayed constantomtrast, the increase of cells in the effluent
accompanied by changing composition of coccoid esdishaped cells occurred until it

reached a constant level at the age of 100h.

Results lead to the conclusion, that without salbstand for culture ages of less than 100h the
stationary phase characteristics are valid. Thedtkakthrough takes place for about 50 % of
the cells.At the same time the increase of cell amount coetpdo the amount of the
inoculum is reaching its maximum. For breakthrowperiments under substrate addition
the spreading of cells between effluent and columsnyell as spreading between coccoid and
rod-shaped cells, occurs for culture ages of less 100h.
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6 Summary, conclusion and Outlook

The transport-behaviour of active cells differednfr the one of inactive particle like
microspheres. The breakthrough of active P. flumes-gfp took place in the same range
than the one of a conservative tracer likgOD The gfp-modification ofPseudomonas
fluorescens is suitable for online monitoring bacterial brdakiugh in column-experiments.
The used pulse-technique for application of thd-agdpension onto the column had the
advantage of limited and countable amounts of cdllee continuous application of cell
suspension as described in literature makes it #sipte to monitor single differences or even
to detect effects concerning single cells. The usatirated conditions of a quartz sand
column gave the basic results for balancing batéreakthrough in order to examine the
effect of substrate availability. The breakthrough Pseudomonas fluorescens-gfp was
extremely depending on the age of the used baktslture, i.e. duration of carbon and
energy starvation prior to the breakthrough expenitnin both cases, without and with
substrate-addition. Bacterial breakthrough withauailable substrate occurred in the same
time range than conservative tracers lik® [do. Compared to this, breakthrough of inactive
particles like microspheres occurred far later. @aossible explanation could be the presence
of flagella inP. fluorescens. They enable the cell not only for preferred dttaent but also
for preferred detachment under inconvenient comakti So this effect had a higher influence
for fresh than for old cells. A second explanatisauld be trapping of microspheres in
micropores, which prevented them to be flushed ©Old.cells were found nearly completely
in the effluent after the breakthrough. The retaothaof fresh cells was higher than for old
cells, whereas the part of the fresh cells thakdtbrough showed a faster breakthrough than
old cells do. The fresh cells were found in theioeg near the column inlet. With increasing
age of the used culture the distribution of thdscektended throughout the whole column.
The morphological differences of the used inocuremdetermined and the morphological
change during the breakthrough experiment was eamiDuring the breakthrough an
increase of amount of cells occurred, whereasititi®ase was higher for fresh than for old
cells. Along with this increase of cell amount camenorphological change from long rod-
shaped cells to small coccoid cells. This change aveesult of the limited oxygen availability
inside the column. This effect was also examinati described for batch-experiments, where
oxygen-limitation leaded to a cell amount increassde liquid-culture flasks. The resulting

small cells were viable at a level of nearly 100Be resulting breakthrough of the different
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morphological species in the same culture can becthsl as a distinct distribution of cells in

column and effluent.

Continuous substrate addition with a pulse of b&ctat the same time led to a detected
breakthrough of cells far earlier than under satbstfree conditions. The distribution of cells
in column and effluent differed not so much than dabstrate-free conditions. The increase
of culture age showed no significant change ofatéfdor cells older than 70 hours. All
distributions (cells in column/effluent) or quotaamccoid/rod-shaped cells reached constant
levels and showed parallels whereas under substegteconditions compared values

diverged.

In general for further breakthrough experimentsrtietabolic state of used active cells has to
be monitored. For balancing the transport and ptexdi of bacterial breakthrough factors like
stress during the experiment or growing of cultdueging transport processes have to be
evaluated before, the assumption of bacteria belikgeinorganic, immobile particles is
obsolete. In experiments especially with substratls factors influencing bacterial
breakthrough have to be determined before undestiib-free conditions, the effect of
oxygen-limitation has to be controlled, especiallyen xenobiotic should serve as substrates.
The morphological change &% fluorescens is probably also valid for other bacterial strains
even when cells of different ages show normal molqafical differences (likée. coli). For
other bacterial strains the basic experiments ef given setup (quartz sand, saturated
conditions, no substrate) should be conducted &mnéxe whether the morphological change
occurs or other effects occur. A general predicbbmacterial transport behaviour seems to
be difficult. The transport of bacteria throughgr soil columns or lysimeters may only be
summarized by counting cells in the effluent bugdiction of bacterial behaviour in soil,
where substrate is available but not evenly distat, or even prediction of bacterial location
seems impossible. For this purpose, the effectaoif leeterogeneity in composition and
particle size, the presences of macropores (e.gnwdholes) and local available substrate

(“hot spots”) should be determined first.
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