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ABSTRACT 

Understanding the extent of microbial transport, distribution and activity in the 

subsur&ce is paramount for effective in-situ bioremediation. In one study, we 

investigated the impact a substrate pulse has on the movement of inoculated or 

indigenous bacteria through saturated porous media. In another study, we developed a 

method to visualize the distribution of bacteria on soil surfaces. The elution of either 

inoculated or indigenous bacteria was monitored from model (homogenous) sand or 

natural (heterogeneous) soil column systems. Sand columns receiving salicylate resulted 

in enhanced elution of inoculated P. putida. However, the salicylate pulse did not result 

in enhanced elution of P. putida from a natural system. For natural heterogenous 

systems, the salicylate pulse significantly affected the elution of certain indigenous 

baaeria. Specifically, more heterotrophs were eluted from soil colunms receiving 

salicylate than from those that did not for both loamy sand soils tested. On the other hand, 

there were consistently fewer salicylate-degrading cells eluted in the presence of 

salicylate from one of the two soils tested. These data suggest that bacterial transport is a 

function of both the porous medium and the microbial population(s) under investigation. 

In the second study, an agar lift-DNA/DNA hybridization technique was 

developed to visualize the distribution of eubacteria on soil surfaces. Briefly, a single 

layer of soil was lifted from the surface of soil microcosms onto agar slabs and allowed to 

incubate. Baaerial colonies were lifted from the agar slabs onto membranes. The 

location of individual colonies was detected on the membranes by hybridization with a 

probe complementary to a conserved region of the eubacterial genome. This method was 
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able to detect active microorganisms on dififerent soil sur&ces. The probe signal 

correlated well with the number of metabolically active microorganisms found in soils 

amended with a carbon source. This technique also allowed for visualization of localized 

microbial activity. A combined approach utilizing both soil colunin studies and the agar-

lift technique should allow researchers to better elucidate microbial transport, distribution 

and activity in subsurface environments. 
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CHAFFER 1 

Introduction and Literature Review 

1.1 An introduction to bacterial transport 

An understanding of the transport potential of microorganisms and their activities in 

subsurface strata is important because natural resources such as groundwater and fossil 

fuels are derived from these enviroimients. In particular, groundwater is a valuable yet 

limited resource for billions of people worldwide. Groundwater supplies roughly 20% of 

the population with their drinking water supply in the United States alone (31, 32, 44, 

74). Other major uses of groundwater include agriculture and industry. Because of our 

increasing reliance on groundwater, more attention has been directed towards potential 

health problems arising from exposure to contaminated groundwater. The sources of 

groundwater contamination are numerous and can be microbial and chemical in nature. 

Some of the sources are schematically represented in Figure 1.1 and include land disposal 

of sewage and septic tank effluent, accidental or intentional disposal of industrial waste, 

urban and agricultural runofif and land applications of various wastes generated during 

mining operations. 

Initial concerns during research on bacterial transport were movement of pathogenic 

microorganisms through soils and subsurface enviroimients and the associated disease 

outbreaks from exposure to these contaminated waters. In addition, traditional studies on 

bacterial transport focussed on the recovery of fossil fuels from the substratum(34, 69, 

81, 119, 120). It is thought that bacteria when injected into spent oil wells will clog large 
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Figure 1.1 A schematic representation of the sources of soil and groundwater contamination. -0\ 
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pores, in effect, redirecting fluid flow through smaller pores still containing residual 

fossil fuels. More recently, the fact that many subsurface environments have been 

contaminated with hazardous chemical wastes as a result of various anthropogenic 

activities over the years has prompted researchers to evaluate the influence 

microorganisms have on the &te and transport of these pollutants in these environments 

(1, 5, 18, 22, 27, 33, 40, 41, 54, 55, 62, 63, 74, 80, 86, 102, 111, 127). The results from 

these studies indicate that microorganisms indeed have a profound effect on the fate and 

distribution of pollutants in the environment. These effects include but are not limited to 

the biodegradation of contaminants, remediation of metal contaminated sites and 

biofacilitated transport of hydrophobic compounds and radionuclides (13, 68, 76, 77, 80, 

85). The study of bacterial transport has also been looked upon as a powerful tool for the 

improvement of soil structure and increased crop production (45, 57, 94). Bacterial 

transport studies in this field include investigating the influence of microbial activity and 

transport of bacteria along the root zone. Finally, bacterial transport is of interest from 

the perspective of microbial ecology. This research has tended to focus on the 

mechanisms by which naturally occurring bacterial populations exist in deep subsurface 

environments, from saturated sediments to deep vadose-zone rocks (29, 53, 75, 112, 119). 

The question as to how bacteria arise and survive in such harsh environments is an 

intriguing one. In fact, this research has prompted recent investigations for the possibility 

of life on other planets. 
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1.2 Biological pollutants found in subsurface environments. 

Pathogenic microorganisms primarily arise in subsurface environments due to their 

transport from surface applications of wastes. Improper land disposal of sewage and 

septic tank effluents as well as solid waste have resulted in microbial contamination of 

groundwater and numerous disease outbreaks worldwide. The most important microbial 

pathogens found in groundwater are bacteria including Salmonella, Shigella, Escherichia, 

Vibrio, and Legionella, protozoa including Giardia and Cryptosporidium and viruses 

including poliovirus, rotavirus and coxsackievirus (9, 10, 31, 32, 56). These pathogens 

have been associated with a wide variety of diseases, including thyphoid fever, 

gastroenteritis, diarrhea, and hepatitis. 

Although some soils may serve as natural microbial filters limiting microbial transport to 

a certain extent, the filtration capacity of soils are limited as evidence by these disease 

outbreaks. Once in groundwater, biological contaminants can travel great distances in 

groundwater under some conditions. In fact, there are reports of movement as great as 

800 m through shallow aquifers (IS). Therefore, understanding microbial movement in 

soils and subsur&ce environments is crucial to the prediction of groundwater quality. 

Typically after the application of microorganisms onto soil surfaces, there is a rapid 

decline in ceil numbers and activity. This phenomenon has been attributed to cumulative 

physical, chemical, and biological effects in the substrata. Environmental factors such as 
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temperature, pH, soil texture, moisture content, nutrient availability, competition with 

other microorganisms and predation can all affect the survival and metabolic potential of 

introduced microbes during transport and deposition in soil and subsurface environments. 

Evidence suggests, however, that soil particle surfaces may provide some degree of 

protection for the microorganisms (94). For instance, some enteric bacteria have been 

shown to survive for up to six months in these harsh environments. Other &ctors such as 

spore formation may also enhance the longevity of microorganisms in subsurface 

environments (10). 

1.3 Factors affecting microbial transport. 

Transpon of bacteria through geologic media is governed predominantly by sorption-

desorption reactions and physical straining (6, 10, 12, 21, 27, 31, 32, 34, 35, 42, 47, 54, 

56, 58, 60, 67, 78, 88, 94, 112, 125). There are many abiotic and biotic factors 

influencing sorption to and straining by composite systems such as soils, vadose zone 

materials and sediments. Some of the physical and chemical &ctors include; water flow 

rates and content, porous medium characteristics (i.e. soil type, grain and pore size 

distribution, clay and organic matter content, mineralogy), soil solution chemistry 

(including solute composition, pH, ionic strength and the presence of surfactants) and 

sedimentation. In addition to the physical and chemical factors mentioned, a range of 

biological factors may also influence transport. These factors include the physiological 

state of the cell (viability, nutritional status and cell cycle events), cell sur&ce properties, 

(charge, hydrophobicity, hydrophilicity, exopolymer composition and appendages), cell 
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size and shape, chemotaxis and motility, predation and parasitism, and cell growth and 

decay. Ultimately, it is the extensive interplay between the abiotic and biotic 

characteristics that determines the extent of microbial transport through porous media. 

1.3 .1 Physical straining or filtration. 

Microorganisms move by adveaion through water-filled pores in the substrata. One of 

the major mechanisms limiting their transport through geologic media is physical 

straining or filtration by small pore throats found in these composite materials. Filtration 

has been well correlated to bacterial size and shape (43, 47, 126). Physical straining or 

filtration becomes important when entrapment occurs within intergranular spaces smaller 

than the limiting dimensions of the organism (56). UpdegrafiT and Wren (120) found that 

the pore throat size of the matrix must be at least twice the size of the cells in order to 

allow passage of coccus- or bacillus-shaped cells. In another report, Herzig et al. (61) 

found that the average diameter of the bacterial cells could be no greater than 5% of the 

mean diameter of the soil particles to allow passage. The average diameter of soil and 

subsurface bacteria ranges from 0.3 to 2 um. The particle size (0.2 um- 200um) found in 

fine sands, silts and clays are near bacterial dimensions and thus, consistent with 

restricted movement of bacteria within these media. This is also consistent with reports 

in the literature (20, 37, 38, 43, 105, 112), showing that finer textured soils retain more 

cells than sandy soils. Conversely, filtration is a less important mechanism limiting 

bacterial transport in sandy soils with large pores. Effective pore diameters, even in 

sandy soils, can be reduced in size to some extent by microbial growth. This was 
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illustrated in studies showing that nutrient addition at wellheads caused microbial growth 

and plugging of the wellhead (38, 81,116). 

While micropores in the soil matrix may act to severely limit bacterial movement through 

porous media, the presence of macropores and other structural features in the soil profile 

can result in enhanced microbial movement (29, 112). Variations in soil structure such as 

cracks, fissures and channels can greatly afTect flow rates by creating preferred flow 

paths, with increased flow velocities. There is very little research focusing specifically 

on preferential flow and microbial transport presented in the literature but in field studies 

preferential flow is generally assumed (11, 57, 97). In &ct, most laboratory-scale 

bacterial transpon experiments were conducted in repacked, sieved soil or sand columns 

in order to eliminate preferential flow as a variable (47). Gannon et al. (47) investigated 

the transport of 19 different bacterial strains in homogeneously packed colunms in order 

to "minimize uncontrolled preferential movement of bacteria through macropores and 

thus permit definition of such factors as mechanical filtration and adsorption that control 

the movement of bacteria through the soil matrix itself" 

1.3.I.I Soil filters 

Due to their prevalent retardation of microorganisms, soil and sand has been employed to 

filter sewage wastes (lOS). Slow sand filters have been and in some cases are still used to 

treat potable water in Europe and third world countries, but often their performance has 

been less than satisfactory (lOS). In a study conducted by Schuler et al. (lOS), the 
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performance of slow sand and diatomaceous earth (DE) filtration was compared for their 

efficacy for removing protozoa, bacteria and particulate matter added to pristine surface 

water. When the filters were operating correctly, both filtration systems were found to 

removed 99.9% or more of the protozoa introduced but the removal of bacteria and 

particulate matter was found to be unsatisfactory. In the arid southwestern desert of the 

United States, where water is a precious commodity, aquifer recharge of secondary 

effluent is common place. Artificial recharge is the process of applying water to a soil 

surface, allowing it to percolate through the vadose zone, eventually to replenish the 

underlying groundwater or aquifer (11). The vadose zone, in this case hundreds of feet 

deep, serves as a filter of potential pathogens in the secondary efHuent. In most cases, 

recharge has been successfiil in removing 99.9% of the viral, protozoan and bacterial 

agents applied (IS). Of course, the mechanisms of removal should not be generalized as 

filtration and sorption alone, but also may be a consequence of other mechanisms such as 

inaaivation, death, parasitism, predation and growth. 

Physical straining or filtration can also have a significant impaa on remedial strategies to 

clean up contaminated sites. If the contaminated soil at a site excludes microbial 

transport because of the presence of micropores, the d^radation potential of introduced 

or indigenous microorganisms becomes limited to the available contaminants found in 

the larger pores (74, 115). For example, when contaminants diffuse into micropores 

excluding bacteria, they become unavailable for biodegradation and serve as long-term 
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reservoirs of residual contamination. Residual contamination is often predominant for 

low permeability soils high in clay and organic matter content. 

1.3.1.2 Colloid-filtration theory 

When desorption and dispersion are neglected, baaeriai transport can be described by 

simple colloid filtration theory (12, 52, S4, 64, 88). The colloid filtration theory has been 

used not only to explain the removal of bacteria during transport through porous media, 

but also to explain the removal of any colloidal-sized material during movement through 

packed-bed systems. Specifically, the theory predicts that the initial concentration (Co) 

of colloids or bacteria injected into porous media will exponentially decrease with 

distance, L, from the point of injeaion according to Equation 1; 

Equation 1 
Co 

where 6 is the colunm porosity, d is the diameter of the porous medium particle, "n is the 

single-collector efficiency and a is the sticking coefficient or the collision efficiency 

factor. This expression gives the fraction of particles remaining in suspension after 

filtration. Its value depends explicitly on geometric characteristics of the porous media, 

including media size, porosity and the length of the system under consideration. It also 

depends on the nature of the fluid flow, the physical properties of suspended particles and 

the interactions that arise between the surface particles and the matrix surface; these 

factors are contained in the single-collector (n) and collision (a) efficiencies. 
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The single collector efficiency, ri, is the rate at which particles strike a single porous 

media grain divided by the rate at \(^ch particles move toward the grain and represents 

the physical factors determining particle collision. In short, the collector efficiency 

"lumps" interception, sedimentation and Brownian motion into one parameter (54). All 

terms in this parameter can be measured independently for any porous medium. The 

theory is based on the assumption that both the particles and the media grains are 

spherical and of roughly the same size. Origiiudly, the model of clean bed-filtration was 

developed to describe the performance of man-made filters used for wastewater treatment 

and is, therefore, restriaed to one-dimensional vertical flow in a homogenous medium. 

Furthermore, the model is best suited for describing particle deposition on clean smooth 

sur&ces. None of these assumptions are realistic for a natural composite material 

experiencing low flow velocity. 

While the single collector efficiency describes the physical interactions occurring 

between the particles and the media, all chemical interactions (i.e. sorption) are lumped 

into the sticking coefficient, a. Specifically, the sticking coefficient is defined as the rate 

a particle sticks to a surface divided by the rate at which it collides with the surface (54). 

The magnitude of the collision efficiency depends on the forces between the particle, the 

fluid, and the porous media. It is usually calculated by determining the fivction of cells 

retained by a porous medium under given conditions or by bacterial breakthrough data. 

Due to the high error associated with calculating small sticking coefficients fi'om 

breakthrough data, alpha values are generally determined by conducting MARK (microbe 



25 

and radiolabel kinesis) assays (17, 20, 71). Briefly, MARK assays are conducted in 

minicolumns whereby radiolabeled cells are applied to the top of the porous medium 

under investigation and allowed to percolate through the medium. After a specified time 

and volume, the amount of radioactivity, corresponding to the amount of bacteria retained 

in the soil, is determined for individual slices of the minicolumn. For a given system, all 

other variables in the colloid filtration equation except alpha are physically fixed and 

cannot be sufficiently altered to achieve greater microbial penetration. However, 

alterations made to the solution chemistry or the collector and/or bacterial surface 

chemistry have been shown to significantly reduce or increase a and can resuk in 

enhanced or retarded movement of bacteria through porous media (47, 52, 88). 

Applications of the clean-bed filtration theory have been used to model bacterial 

movement through relatively simple porous medium systems (12, 88, 105), (i.e. colunms 

packed with glass beads) as well as sandy aquifers (54). For these systems, the model 

predicted bacterial retention and movement reasonably well. However, collision 

efficiencies were not determined experimentally but rather by fitting the model to the 

data (26, 54). Alphas obtained empirically were similar to those obtained experimentally 

(87, 88) indicating that colloidal filtration theory may be applicable to other porous media 

in prediaing microbial transport. 
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1.3.2 Bacterial sedimentation 

Another mechanism that nuy influence microbial transport through the subsurface is 

sedimentation. Sedimentation simply is the gravitational deposition of particles on 

matrix surfaces (31, 94). Sedimentation can potentially contribute to either local 

deposition or downward movement of suspended particles. Sedimentation usually occurs 

when the density of the particle (microbe) is greater that that of the liquid medium and 

when flow velocities are low. The assumption of neutral buoyancy (i.e. bacterial 

densities are the same as groundwater densities) has been mentioned by other researchers 

(31, 88) but in a study by Wan et al. (125), the transport of some bacterial species through 

saturated sand colunms was significantly influenced by sedimentation at low fluid 

velocities. Wan et al. (125) suggests that if the time-scale under investigation is 

sufRciently long, spanning many generations, sedimentation can become a significant 

mechanism for bacterial transport through the substratum. However, the role of 

sedimentation influencing bacterial transport is frequently ignored. 

1.3.3 Interception 

Even when the bacterial density is the same as the fluid density, which it is presumed to 

be, the colloidal particles, owing to their size, are unable to flow through the smallest 

tortuous paths along with the streamlines of fluid and thus, they collide with porous 

media becoming "intercepted" (31). Interception of bacteria by the matrix material acts 

to retard microbial transport. Additionally, when bacteria accumulate on the soil surface. 
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the straining effect increases and eventually the captured bacteria behave as a filter 

themselves, removing even more particles. If bacteria undergo growth, they often 

become imstable and large clusters will break off with the shear force only to be 

intercepted fiirther down stream. The process will repeat itself all over again until the 

baaeria saturate the entire collectcMr. 

1.3.4 Hydrological factors 

Water movement through the soil profile is a key hydrological fiictor influencing 

microbial transport The terms commonly used to describe flow and transport of 

dissolved solutes are also applied to the transport of microorganisms as well, namely 

advection and dispersion (31, 32, 84). Equation 2 is a relatively simple advection-

dispersion (A-D) equation used to describe microbial transport (94). 

i?. — =  - r — + Equation 2 
^ dt dx dx^ ' ^ 

where 

C is the concentration of bacteria, 

D is the hydrodynamic dispersion coefficient 

X is the distance traveled through the porous media, 

V is the average linear velocity constant (advection), 

Rx is a term representing processes which may add or remove bacteria fi'om the pore 

fluid 

t is time, and 
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Rf is the retardation factor, accounting for reversible interactions with the porous media. 

Specifically, advection is the movement of the bulk fluid and its dissolved and/or 

suspended materials and is primarily responsible for the movement of bacteria through 

porous media. Hydrodynamic dispersion is the combined result of mechanical dispersion 

and molecular difiKision, and contributes least to the transport of microorganisms through 

porous media. Because the liquid in different sized pores is traveling at different 

velocities, mixing occurs along the flow path. This mixing is called mechanical 

dispersion and it results in a dilution of the solute/particulate at the advancing edge of the 

flow. The processes of advection, dispersion and retardation are illustrated in Figure 1.3 

Ideally, if a mass of bacteria is instantaneously introduced into an aquifer or column at 

time zero and experiences advection only, the concentration curve will resemble piston 

displacement or plug flow (Figure 1.3a). If the bacteria or solute experiences both 

advection and dispersion, the concentration curve will have a Gaussian or bell shaped 

distribution (Figure 1.3b). Of course, because of all the other factors influencing 

bacterial transport, the concentration curves depicted in Figure 1.3 a and b are not 

representative of true bacterial transport through porous media. In reality, bacterial 

transport is generally severely retarded and maintains non-ideal breakthrough behavior 

(Figure 1.3c) 

Unlike the colloid-filtration theory, unmodified A-D models assume that the contaminant 

has the same average velocity as the matrix solution. This may not be appropriate for 
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Figure 1.3 Typical breakthrough curves obtained when bacteria experience a) advection alone, b) advection and dispersion, c) 
advection, dispersion and retardation. ^ 



30 

microbial transport because microorganisms are not dissolved in solution but instead they 

are suspended in the liquid medium. Numerous researchers have used modified versions 

of the advection dispersion model to describe and predict microbial transport through 

porous media (23, 26, 27, 31, 32, 54, 84, 114, 116, 117). For example, Harvey and 

Garbedian (54) coupled the filtration equation with the A-D equation to describe 

irreversible sorption of bacteria and reversible sorption was described by a first order rate 

expression. Similarly, Lindqvist and his colleagues (84) used a two site model coupled to 

the A-D equation to describe both equilibrium and nonequilibrium sorption processes 

occurring during baaerial transport. Bai et al. (7) used a modified A-D transport model 

that included instantaneous and rate-limited reversible sorption along with two 

irreversible retention terms to simulate the movement of bacteria while investigating the 

influence of a rhamnolipid biosurfactant on their transport through a sandy soil. In 

general, the more parameters considered in an A-D model, the greater potential the model 

will have for producing relevant transport predictions. For example, Corapcioglu and 

Haridas (31) developed a highly comprehensive equation incorporating growth, decay, 

sorption and desorption in addition to variations in soil solution chemistry. Unfortunately 

as the number of parameters increase, many of these models are cumbersome and not 

easily amendable to solution. An additional problem arising fi'om the use of modified A-

D equations is that many of the phenomenological terms are not ones that can be 

effeaively quantified during experimentation. 



31 

1.3.5 Velocity effects 

The velocity of the fluid flowing through geologic media plays a major role in 

determining microbial transport potential. In general, greater flow velocities result in 

increased transport (94, 97, 114). Columns used to study bacterial transport are often run 

at velocities much greater than natural groundwater velocities (59). For instance, > 3 

m/day compared to 0. Im/day for natural ground water velocities (44). More recently, 

however, baaerial transport studies have been conducted at flow velocities more 

representative of groundwater flow. Hendry et al. (59) investigated microbial transport 

for two different bacterial strains in saturated silica sand columns at flow velocities 

ranging from 0.1 m/day to 3m/day. As predicted from filtration theory, more bacteria 

were recovered in the effluents of columns ran at the higher velocity but for one bacterial 

strain, there was no significant difference in bacterial breakthrough with the intermediate 

or natural flow velocities tested. The authors suggest that differences observed in 

transport were due to differences in bacterial surface properties. The bacterial strain 

experiencing retardation at the intermediate flow velocities was found to be more 

hydrophobic than the other strain tested in this study. Camesano and Logan (20) 

investigated the influence of fluid velocity on the transport of motile and nonmotile 

bacteria through saturated natural soil colunms. For motile bacterial cells, they found 

that as the pore water velocity decreased from 120 m/day to 0.56m/day, the fraction 

retained by the porous medium increased by 65%. Whereas for non-motile or passive 

cells, the fraaion of cells retained by the porous medium increased signiflcantly (> 
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800%) as velocity decreased. From these results, they concluded that cell motility 

significantly influenced bacterial adhesion presumably because swimming cells were able 

to avoid attachment at lower flow velocities, and as such were able to penetrate to greater 

depths. Once again, these data suggest that microbial transport is the result of a 

combination of biological and hydrogeological factors. 

1.3.6 Soil moisture effects 

Because microorganisms are transported along with the soil solution, soil moisture or the 

degree of water saturation can significantly effect the potential for microbial transport 

through composite materials. Water flow is significantly impeded under unsaturated 

conditions. At saturation, all pores are filled with water. If water is no longer added to a 

system, the larger pores drain first becoming filled with air and only the smaller pores 

remain filled with water. The water remaining in the small pores is mostly discontinuous 

and may exist only in the form of a thin film that may not be accessible to bacterial 

passage, thereby limiting their transport potential. 

In general, unsaturated water conditions have been found to greatly reduce the transport 

of microorganisms (11, 22, 104, 113). Bacterial breakthrough was always delayed and 

significantly more cells were retained in all columns run under unsaturated conditions 

when compared to breakthrough obtained fi'om similar saturated columns (99, 104, 113). 

The reason for this delay was first thought to be due to enhanced sorption to the solid 

medium (113). More recently, however, studies suggest that the delay in transport is 
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attributed to enhanced sorption at the air-water interface (99, 104, 124). When Powelson 

and Mills (99) applied a sur&ctant pulse concurrently with the cell solution, they were 

able to recover more cells under unsaturated conditions than from unsaturated columns 

that did not receive a surfactant pulse. They proposed that the surfactant molecules 

coated the cells' surfaces making them more hydrophilic and less likely to adsorb to the 

air-water inter&ce. In addition, Schafer et al. (104) found that colloidal particles had 

higher affinity for air-water interfaces than to solid surfaces. While investigating 

microbial transport in glass micro-models. Wan et al. (124) also found that bacteria 

preferentially accumulated at the gas-liquid inter£u:e proportional to the amount of gas 

saturation applied. Viral transport has also been found to be severely retarded under 

unsaturated conditions. Lance and Gerba (15) found viral penetration to achieve a depth 

of only 40 cm during unsaturated flow of sewage effluent through loamy sand soil 

compared to a penetration depth of 160 cm during saturated flow through the same soil. 

1.4 Factors influencing bacterial sorption 

Up to now, the discussion has focused primarily on the physical factors of porous media 

which may influence microbial transport. A discussion on bacterial transport through 

porous media would be incomplete if the mechanisms contributing to microbial 

adhesion/deposition and desorption/detachment were neglected. Factors controlling 

bacterial sorption are complex and numerous including but not limited to: the net surface 

charges of both the porous medium and the bacteria, the chemistry of the soil solution, 

and the properties conferred by both the media and microbial surfaces (i.e. cell surface 
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hydrophobicity) (46, 51, 64, 6S, 122). The application of physiochemical theories is 

often used to describe the sorption/desorption processes occurring between matrix and 

bacterial surfaces. 

1.4.1 Physiochemical factors influencing sorption 

It is believed that bacterial adhesion is governed by long-range, immediate and 

hydrophobic interactions between bacterial sur&ce polymers and solid surfaces (46, 51). 

Initially, the long ranging electrostatic interactions and van der Waals forces were 

combined in the Deijaguin, Landau, Verwey and Overbeek (DLVO) theory or double 

layer model of colloidal stability to describe bacterial interactions as they collide with a 

surface (65, 122). Another theoretical model, the surface free energy hydrophobicity 

theory was developed to help fiiither describe surface interactions of bacteria and the 

substratum. More recently, however, in order to help explain the discrepancies in the 

individual theories previously mentioned with observed experimental data, a theory 

encompassing both models was developed. 

1.4.1.1 Electrostatic and van der Waals forces 

Electrostatic interactions occur between charged particles (65, 100). In terms of 

microbial transport, electrostatic forces are repulsive because, for the most part, both cell 

and particle sur&ces are negatively charged in the environment. In general, clay particles 

typically display a net negative sur&ce charge (110). Clay minerals are assemblages of 

silica and aluminum tetrahedral and octahedral sheets, respectively. The net charge of a 
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clay particle surfiice is determined by subtracting the positive charges of silica and 

aluminum from the associated negative charges on the oxides making up the tetrahedral 

and octahedral sheets. The net negative charge on clay minerals may also be attributed, 

in part, to isomoiphic substitutions in the crystal lattice of the mineral (110). For 

example, if an Al^ ion substitutes for a Si**^ ion in a tetrahedral sheet, the net negative 

charge on the clay particle increases. The fraction of the net negative charge generated 

by these substitutions is independent of the chemistry of the soil solution, whereas, other 

charges on particle surfaces could vary with solution pH. This is primarily due to 

functional groups such as carboxyl or hydroxyl groups associated with iron oxides and 

organic matter (70, 90). As the solution pH changes the charge on these groups change 

and this has been shown to significantly influence bacterial adsorption. For instance, at a 

lower pH some carboxyl or hydroxyl groups may become protonated. As a result, the 

particle sur&ce may have a net positive charged, and if the bacterial surface remains 

negatively charged, there will be an overall attractive force and the bacteria will adhere to 

the soil particle. It is rare, however, that this phenomenon would occur in the field. In 

such instances where the soil pH is extremely low and the net charge on soil particles is 

positive, it is more likely that the net charge of the bacteria at this site would also be 

positive and other forces will dictate adhesion. 

Unlike electrostatic forces, van der Waals forces are the attractive forces that act to pull 

two surfaces together. Generally, van der Waals forces occur because of interactions 

between neutral molecules. As two molecules approach each other, the van der Waals 
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forces increase to a maximum, then decrease and become repulsive. Figure 1.4.1 is a 

representative curvc depicting typical van der Waals forces as two molecules approach 

each other. The van der Waals radii can range anywhere from one to several angstroms 

and is defined as one half the distance between two equivalent atoms when attractive 

forces are at a maximum (65). Although individual van der Waals interactions are weak, 

the total interaction between two particles can be quite significant. Van der Waals forces 

presumably have a significant effect on the attraction of microbes to substratum 

materials. 

1.4.1.2 Hydrophobic interactions 

The influence of hydrophobic interactions on microbial transport varies depending on cell 

surface and substratum characteristics as well as soil solution properties. In general, an 

increase in hydrophobicity of either surface has been found to severely retard not only 

microbial transport, but also the movement of organic contaminants through the 

subsurface. Hydrophobic interactions refer to the tendency of nonpolar groups to 

associate in aqueous environments and as such, are considered to be attractive forces 

(65). The hydrophobicity of soil particles is governed to a large extent by the amount of 

organic matter (OM) present. As a general rule of thumb, the retardation potential of 

both microbes and organic solutes increases as the OM fraction in the soil increases (70, 

71). Johnson et al. (70) conducted experiments whereby they introduced bacterial cells 

concomitantly with dissolvable organic matter (DOM) or alone into columns packed with 

soil coated in organic matter, iron oxides or washed. The results showed that cells 
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Figure 1.4.1 A graph depicting typical van der Waals forces as two molecules approach each other. 
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introduced into OM coated soil columns concomitantly with DOM resulted in 

significantly greater retardation when compared to the other conditions tested. 

1.4.1.3 Cell surface charaaeristics 

Unlike the mostly static charaaeristics of matrix surfaces, the nature of the bacterial cell 

surface is dynamic and in constant flux depending on the physiological state of 

microorganisms (51, 12). Grasso et al. (51) investigated the impaa of physiological state 

on the surface characteristics and adhesion of P. aeruginosa to dolomite. P. aeruginosa 

was found to partition onto dolomite to a greater extent when the cells were in stationary 

phase than in the logarithmic growth or decay phases. It was determined that the greater 

partitioning of stationary-phase cells to dolomite was due to an increase in cell surface 

hydrophobicity. Baygents et al. (12) found that variations in surface charge density of 

two different bacterial populations were responsible for differences in colloidal 

interaction potentials in charged collectors such as glass beads or quartz. 

In general, microbial surfaces are characteristically negatively charged in the 

environment. The negative charge is attributed, in part, by functional moieties found on 

the bacterial surface (94, 108). In Gram negative bacteria, the net negative charge is 

primarily associated with the lipopolysaccharides (LPS) molecules making up the outer 

membrane. Additionally, negatively charged membrane proteins may also influence the 

overall surface charge of the Gram native bacteria. The negative charge associated 

with the Gram positive cells is due in part to the lipoteichoic acids making up the cell 
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wall of these microorganisms. Figure 1.4.2 is a schematic diagram of Gram negative and 

Gram positive bacterial surfaces depicting the structural differences between the two 

bacteria in their cell envelopes (94, 109). 

The hydrophobicity of the cell surface can vary significantly between species and is 

influenced by the presence of specific molecules found on cell sur&ces (108). I&ub et 

al. (64) found that blocking of cells to glass or Teflon increased in the order of increasing 

cell-surface charge and decreasing hydrophobicity. Blocking, similar to interception, 

refers to the deposition of cells onto a surface and the congruent deposition of more cells 

upon the initial cells deposited. Similar results were report by van Loosdrecht et al. (121) 

when examining adhesion of a variety of bacteria cells differing in their surface 

properties. In this study, they examined the bacterial adhesion to two different sur&ces, 

glass (hydrophilic) and polystyrene (hydrophobic). The data showed that cell surface 

hydrophobicity was the dominant force affecting adhesion to glass as well as polystyrene 

surfaces. For cells with low hydrophobicity, cell surface charge played a greater role in 

adhesion regardless of the type of surface investigated (hydrophobic or hydrophilic). 

Conversely, in soil column studies, Gaimon et al. (46) found no correlation between cell 

hydrophobicity and transport. 

Lipopolysaccharide (LPS) molecules have been well documented in the literature as 

influencing microbial adhesion to sur&ces (7, 34, 73, 100). Using atomic force 
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Figure 1.4.2 A schematic representation of a) Gram-positive and b) Gram-negative cell surfaces. 
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microscopy, Razatos et al.(100) determined that the length of LPS molecules in the outer 

membranes of E. coli was influential in the adherence of the organism to polymeric 

substances. Similar results were reported by Jucker et al. (73) while quantifying polymer 

interactions in bacterial adhesion to silica sand (a hydrophobic surface). Both groups 

showed that as LPS length increased so did adhesion of the cell particle to the surface. 

Recently, in another study comparing the transport and adhesion of a wild-type strain and 

stable adhesion-deficient mutant through silica sand and aquifer sediments, Deflaun et al. 

(34) observed significant retardation of the wild-type strain. They suggested that the 

differences in the lipopolysaccharide O-antigens of the adhesion-deficient and wild type 

isolates were responsible for differences in cell surface hydrophobicity and their transport 

behavior. The hydrophilic strain showed greater attachment to hydrophilic particle 

surfaces than hydrophobic strains. Similarly, Williams and Fletcher (128) found that 

adhesion-altered Pseudomonas mutants demonstrated increased sorption and retention in 

sand columns. Unlike Jucker et al. (73) and Razatos et al. (100), they attributed this to 

the lack or attenuation of O-antigens on the LPS moiety. In contrast to LPS and Gram 

negative bacteria, the literature on bacterial adhesion is not as robust for Gram positive 

bacteria and lipoteichoic acids in their cell walls. In fact, only a few investigators have 

employed the use of Gram positive bacteria in microbial transport studies but the surface 

characteristics of the bacteria were not the focus of these studies (59, 78, 97). 
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1.4.1.4 Thermodynamic bacterial sorption models 

Three theoretical models are often used to explain sorption of microorganisms to the 

substratum, namely surface free energy hydrophobic theory, DLVO theory and a 

combination of the two, DLVO-AB theory (S8, 64, 122). In it simplest form, the surface 

free energy theory predicts that if the total free energy of the system is reduced by cell 

contact with a surface, then adsorption will occur. The free energy balance of the system 

is determined mathematically by 

~ ^ b s ~ ^  s i  ~ ^ b l  Equation 3 

where AF is the energy of adhesion, yts is the interfacial free energy for the bacterial-

particle surface interface, yti is the interfacial free energy for the liquid-panicle surface 

interface and yfr/is the interfacial free energy for the bacterial-liquid inter&ce (58). 

The interfacial tension (free energy) between two different materials is one of the most 

important concepts in colloidal science and particle adhesion (100, 122). The interfacial 

tension between two liquids is relatively easy to measure, but interfacial tension between 

the solids-solids and liquids-solids cannot be measured directly (122). An indirect way to 

arrive at these values is to determine the surface tension or degree of hydrophobicity of 

the interacting molecules (46, 58, 122). Bacterial cell surface hydrophobicity can be 

easily measured in the laboratory. There are two common approaches to measuring the 

surface tension (or hydrophobicity) of microorganisms. One approach is to measure the 

contaa angle formed by placing a drop of water on a monolayer smear of the 
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microorganism or material of interest (98). It has often been suggested, however, that 

this method is not representative of the flilly hydrated organism found under natural 

conditions (98). The other method commonly known as the BATH or bacterial 

adherence to hydrocarbons assay may be more representative of the wetted-bacterial state 

existing in subsurface environments. This method is relatively simple and relies on the 

ability of the microorganism(s) to partition between an aqueous and organic phase. The 

amount of organisms in each phase is determined and a coefficient of hydrophobicity is 

calculated. 

The DLVO, or double layer theory, is often used to describe the attractive and repulsive 

forces acting at the bacterial/colloidal-substratum imer&ce (65, 73, 122). The theory was 

originally formulated from the works of Deijaguin, Landau, Verwey and Overt>eek, 

hence DLVO (65). The theory examines both the electrostatic and van der Waals forces 

acting at particle surfaces and the likelihood those particles will sorb to a surface. In 

general, the sum of these forces dictates whether firm adhesion of the cell to the surface 

occurs. Adhesion of the bacterial cell to the surface occurs when the attractive or van der 

Waals forces overcome the repulsive or electrostatic forces. The DLVO theory predicts 

that particle attraction occurs over short (< 1 nm) and long (5-10 nm) distances termed 

the primary and secondary minimum, respectively (65, 122). Reversible sorption is 

thought to occur at the secondary minimum, while irreversible sorption is thought to 

occur at the primary minimum and is due in part to bridging of the microorganism to the 

soil particle by exopolymeric substances or appendages (59). In accordance with van der 
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Waals forces, the theory also predicts that between these two minima there is a zone of 

maximum electrostatic repulsion. The DLVO theory has only been used to explain 

colloidal adhesion for sheer-free systems, neglecting system hydrodynamics. Hence, 

modeling bacterial adhesion in flow-through studies using DLVO theory has been largely 

unsuccessful in correctly predicting bacterial sorption/desorption (73). In addition, 

bacterial cells are capable of varying their surface charge, ahering the nutrient or mineral 

gradients at the boundary of the ceils, exhibiting geometric factors such as appendages 

that may alter their apparent diameter, and synthesizing exopolymers which may promote 

bridging of the cell with the matrix surfiice (58). None of which are described by the 

DLVO theory. 

Ultimately, three forces govern adhesion of bacteria to solid surfaces; van der Waals, 

electrostatic and hydrophobic (acid-base) interactions. As mentioned above, bacterial 

adhesion, hence sorption was originally modeled by the DLVO theory, but the model 

rarely fits the experimental data (73). In order to help better describe bacterial 

adsorption, the DLVO model was extended to include the hydrophobic or acid-base 

interaaions and is simply referred to as DLVO-AB. According to this theory, cells will 

adhere as they approach a surface closely enough to be pulled into the energy minimum. 

The model describes interactions within a 2 tmi separation distance (122). However, as 

Jucker et al. (73) pointed out, this model also fails to describe bacterial adhesion because 

of "its negligence of the frequently observed irreversibility of baaerial adhesion." 

Similar to the DLVO theory, the DLVO-AB model is not capable of predicting 
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interactions between cell surftce polymers and the solid particle sur&ce. In an effort to 

quantify polymer interactions in bacterial adhesion, Jucicer et al. (73) determined that the 

compressibility of the cell envelope significamly influenced microbial adhesion, and 

hence sorption to the solid sur&ce. 

1.4.2 Soil solution chemistry 

Soil solution chemistry, including ionic strength and pH, has been shown by numerous 

investigators to have a significant influence on the transport of microorganisms through 

porous media (52). Bacterial attachment and detachment rates are very sensitive to 

changes in groundwater chemical conditions. In fact, field>scale studies have been 

conducted whereby the investigators injected a high pH pulse into a sand aquifer in 

Borden, Ontario in order to promote detachment of both viral and bacterial particles from 

the aquifer materials (10). The increase in pH correlated to an increase bacterial and viral 

concentrations in groundwater samples. The injection of low ionic strength solutions into 

contaminated groundwater has been suggested as a possible mechanism to enhance 

bioaugmentation efforts (7,43, 46, 52. 70, 83). In addition, the effects of additives, such 

as surfactants, have been investigated in detail to promote bacterial desorption and 

movement through porous media (70) and are employed on a field scale in some 

bioremedial strategies. 
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1.4.2.1 The influence of ionic strength on bacterial transport 

In general, soil solutions of low ionic strength promote bacterial movement through the 

substratum, whereas solutions of high ionic strength have been shown to have the 

opposite efifect (46, 83, 43). The reasons for this are thought to be twofold and based on 

the diffuse double layer or DLVO theory. First, it is presumed that cations serve to coat 

both the bacterial and particle surfacc decreasing their surface potential and in effect 

decreasing the overall electrostatic repulsion between bacteria and soil particles. 

Secondly, as the cation concentration or ionic strength of the soil solution increases, the 

diffuse layer of ions between the microorganism and the soil particle is compressed 

allowing the two particles to come into closer contact thereby promoting greater bacterial 

adhesion to the mineral particles. 

Consistent with DLVO theory, numerous investigators report finding that as the ionic 

strength of the transport solution increased so did the retention of microorganisms in 

porous media column studies (52, 64, 70, 83, 90). Nfills et al. (90) report similar findings 

when adsorption isotherms were conducted in batch experiments with 1:2 sand slurries of 

artificial groundwater bacterial suspensions at various ionic strengths. They found a 

strong correlation (r^ = 0.95 to 0.99) between Kds (sorption coefficients) of groundwater 

isolates tested and the thickness of the double layer corresponding to an increase in 

solution ionic strength. However, there was an upper limit to the sorption of bacteria to 

the sand as the ionic strength of the solution was continually increased. The authors 
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suggested that this asymptotic limit represemed the condition where the electrostatic 

barrier near the surftce ceased to exist and compression of the double layer was at a 

maximum. In addition, they observed that the extent of maximum sorption differed 

between the two isolates tested. These results suggest that sorption mechanisms are also 

a function of the microorganisms under consideration. 

In addition to the overall ionic strength of the soil solution, the hydrated radius of 

particular cations in the solution can affect the extent of compression of the double 

diffuse layer. The radius of hydration of a particular cation is a function of its surface 

charge density. In general, divalent cations have a greater tendency to compress the 

diffuse double layer because of their higher sur&ce charge densities and as such have 

smaller radii of hydration than monovalent cations. Consistent with this theory, van 

Loosdrecht et al. (121) observed an increase in bacterial attachment to substratum 

materials when transport experiments were conducted with solutions containing divalent 

cations. The presence of high concentrations of monovalent cations, such as Na^, in the 

soil solution has been implicated as a dispersing agent in clayey soils. Dispersed clays 

are sticky when wet and hard when dry. Furthermore, the compaction of soils caused by 

high levels of sodium can adversely affect the transport of microorganisms because, in 

general, pore spaces are reduced and water flow is considerably impeded in these soils. 
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1.4.2.2 pH effects 

Solution pH has also been observed to influence the degree of baaerial sorption to solid 

surfaces. A decrease in solution pH has been observed to cause an increase in bacterial 

sorption to porous media (78). This has been conceptually explained in terms of 

increased or decreased protonation of both the bacterial and particle surfaces depending 

on the solution pH and iso-electric point of the microorganism(s) (78, 91). The iso

electric point (pi) is the pH at which the net surface charge on a particle is zero. In 

general, the pi of bacteria ranges from 2.5 to 3.5, therefore, in natural groundwater and at 

neutral pH, most bacteria are negatively charged (91). Although in some studies, even 

subtle changes in pH (ie; from 7 to 8 or 5.5 to 7) were observed to enhance microbial 

transport through porous media (54, 78). Bales et al. (10) observed similar results in 

field-scale experiments conducted in a shallow aquifer in Borden, Ontario. An enhanced 

detachment of viral particles was observed when these investigators increased the pH of 

the groundwater from 7.4 to 8.4. Albeit, vinises are influenced more so than bacteria by 

subtle changes in the environment because of the lack of cellular components such as 

membranes and ion pumps commonly found in bacteria. 

1.4.2.3 Enhancing baaerial transport 

In an effort to enhance microbial movement through the subsurface, a lot of research has 

focused on the implementation and use of additives, such as surfactants, in the transport 

solution. Numerous researchers report the finding that the addition of surfactants to the 
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transport solution substantially influences microbial transport through porous media (7, 

52, 66, 70, 83). In MARK assays conducted with a number of sur&ctant molecules, Li 

and Logan (83) found that most of the surfactants tested (ie. Triton-100 and 

monorhamnolipid) were capable of reducing the sticking coefficient of two 

microorganisms by an order of magnitude for all soils tested. Li their study, the 

rhamnolipid biosurfactant was found to be the least effective. In contrast, Bai et al. (7) 

observed a reduction in bacterial attachment when inoculated sand column transport 

experiments were conducted using the anionic biosurfactant, monorhamnolipid for all 

microorganisms tested despite differences in their surface hydrophobicities. In another 

study conducted by Jackson et al. (66), another anionic surfactant, sodium 

dodecylbenzene sulfonate (DDBS) was also found to facilitate the transport of a 

Pseudomonas isolates through a processed soil matrix under pressurized flow. In 

addition, the surfactant was found to help prevent pore blockage when columns were 

pumped with bacterial suspensions of higher cell densities. 

1.5 Properties of microorganisms 

Biological properties of individual microorganisms may also play a significant role in the 

transport of microorganisms through porous media than the physicochemical factors 

previously mentioned. There are a number of biological factors that may significantly 

influence a microbe's transport potential. Some of these factors have been previously 

mentioned (i.e., cell surface hydrophobicity and size). Others include but are not limited 



50 

to cell shape, motility and chemotaxis, cell physiological state, microbial growth and 

decay, parasitism and predation. 

1.5.1 Cell size and shape 

The size of a microorganism can greatly influence its transport potential through a porous 

medium. As mentioned previously, small pore sizes (10 lom or smaller) may severely 

hamper bacterial movement through the substratum. Filtration effects aside, the transport 

of smaller microorganisms through the porous matrix may be increased because they will 

experience fewer interactions with the soil surface. Conversely, transport of smaller 

microorganisms may be retarded because they may travel a more tortuous path at a 

slower velocity and in effect experience greater dispersion. Larger microorganisms, on 

the other hand, may experience a chromatographic effect being that they can only travel 

through larger pores, a less tortuous path at a higher velocity. This is the premise behind 

gel filtration systems designed to separate macromolecules according to size Q 

However, the observation that smaller microorganisms travel faster, with less surface-

surface interactions, has been demonstrated by Gannon et al. (47). Similarly, Pontes et 

al. (43), while investigating the effea of cell size on microbial transport through porous 

media, observed that the larger of two microorganisms experienced significantly more 

dispersion while traveling through heterogeneous porous media than the smaller 

organism. 
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While fluid dynamic forces influence colloid particle-grain interactions, a quantitative 

treatment of phenomena related to particle shape is rather incomplete. Most approaches 

assume spherical particles and any deviation from such are generally ignored. Instead, 

particles with nonspherical morphologies are typically represented by an "equivalent 

diameter'' (126). Bacteria found in geological media exhibit a variety of shapes, (i.e., 

filamentous forms, spirals, rods, and ellipsoid, ovoid and coccoid shapes) as well as sizes. 

Cell shape, as quantified by the ratio of cell width to cell length, has been shown to affect 

the transport of bacterial cells through porous media. Weiss et al. (126) while 

investigating whether there was a systematic relationship between cell shape and 

bacterial transport through columns packed with quartz sand observed enhanced transport 

of microorganisms characterized by a small roughly spherical shape. In addition, they 

demonstrated that cell shape changed for individual microorganisms as they passed 

through the medium. Short rods with low contact angles generally underwent the greatest 

change in cell shape, becoming rounder and shorter during passage through the columns. 

In this report Weiss et al. (126) did not offer any explanation for the mechanism(s) 

governing the shift in cell shape during transport, but suspected that other cell factors 

must have contributed to the observed shifts in size and shape. Similarly, Harvey et al. 

(56) observed a shift in flagellates (flagellated protozoans) size from S ^m (size in the 

injectate) to 2 ^m (size found in eluent samples) during transport experiments conducted 

in a sandy aquifer near Cape Cod, MA. They commented that the marked decrease in 

flagellate cell size with travel down gradient reflected physiological changes in response 

to the nutritional and/or physical environment they are subjected to. 
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1.5.1.1 Ultramicrobacteria 

Some investigators have demonstrated that under starvation conditions cells become 

smaller and rounder. In fact, they have been observed to shrink to roughly one third their 

normal size (14, S6, 92). Such bacteria are referred to as ultramicrobacteria (UMBs). 

This cell shrinkage has been shown to significantly enhance their movement through 

porous media (126). In addition to shrinkage, other distinct morphological and metabolic 

changes take place in these cells, including loss of the capsular or glycocalyx layer and 

reduced catabolic activity, respectively. These characteristic features of UMBs help to 

enhance their transport through porous media by allowing them to overcome both 

physical straining by and sorption to the porous media. Interest in UMBs first centered 

on their potential for use in oil recovery (81). For instance, starved cells or UMBs are 

purposefully injected into exhausted oil fields to clog larger pores upon their resuscitation 

with a carbon source- The resuscitated, larger cells are thought to help delineate water 

and oil movement predominately through smaller pores, in effect enhancing the amount 

of oil recovered. This process has been demonstrated in the field and is also known as 

microbially enhanced oil recovery (MEOR) (81). 

Another potential use proposed for UMBs is in the closure of mine tailing heaps. The 

problem with capping of mine tailings is that revegetation efforts are often unsuccessful 

due to the extremely low pH of the surrounding soil. The low pH is a consequence either 

intrinsic to the mining process or is generated by the activity of Thiobacillus and other 
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chemotrophic bacterial species. Simply, the UMB approach would be to apply starved 

bacteria to the heaps, allow them to penetrate further into the heap, and then resuscitate 

them by applying a carbon source. The resuscitated UMB layer would then serve as a 

protective covering preventing fiirther oxidation of sulfur compounds by decreasing the 

diffusion of oxygen into the mine tailing heap, thereby inhibiting the activity of 

Thiobacillus species. 

1.5.2 Chemotaxis and motility 

In natural systems there often exist concentration gradients of various solutes, some of 

which stimulate response from microbes (45). Bacteria can sense changes in their 

environment via protein receptors in the cytoplasmic membrane. Some microbes can 

move systematically towards or away from a chemical attractant or deterrent, and this 

motion, induced by the chemical gradient, is termed chemotaxis (39, 45, 115). Bacterial 

motility is due impart to the presence of appendages on their surfaces known as flagella. 

In general, peritrichous bacteria are self-propelled through the though the medium in a 

random fashion of swimming and intermittent tumbling by the action of a rotating 

flagella. Swimming occurs when their flagella rotate counterclockwise, and conversely, 

tumbling occurs when the flagella rotate clockwise disrupting the swimming motion. In 

the presence of a spatial attractant gradient, more bound chemical receptors in the 

membrane signal continual counterclockwise flagellar rotation or swimming (48, 115). 

Chemotaxis is thought to occur when bacteria swim towards an attractant for longer than 

normal and to a lesser extent, tumble (25, 31, 32, 39, 45). Chemotaxis has not been well 
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documented in the transport literature but has been incorporated into bacteriaJ transpon 

models (31, 32). Very few studies have actually addressed the issue experimentally. In 

fact, it is assumed that motile or flagellated baaeria will move towards a food source (ie. 

plant exudates) in the soil and this movement may play a have a significant impact on 

plant infection and/or disease (94). Reynolds et al.(103) actually demonstrated that 

mutant non-chemotatic strains of E. coli had faster penetration rates in sand cores than 

did the chemotatic parent. Their results implied that chemotaxis was not required for 

effeaive transport of bacteria through unconsolidated porous media. Likewise, Sharma 

et al. (106) found more motile, nonchemotatic baaeria at greater depth in sand cores 

when compared to the distribution of wild-type chemotatic parental strain in the column. 

Results for transport studies through porous media have been similarly unclear as to the 

value of flagella and motility. Gannon et al. (47) found absolutely no relationship 

between the presence of flagella and transport of the different bacterial strains examined. 

Similarly, Camper et al. (21) report that motility did not resuh in early breakthrough 

when columns were run at velocities lower than the motility rate. Conversely, Reynolds 

et al. (103) found that motile E. coli strains migrated four times &ster than the equivalent 

nonmotile mutant through nutrient-saturated sand cores in the absence of flow. 

Jenneman et al. (69) report similar observations. Likewise, Mueller (92) found higher 

sticking coefficient for Mot- mutant of P. JIuorescens compared to the Mot+ parent strain 

while investigating bacterial adhesion to a stainless steel surface. Camesano et al. (20) 

observed a significant increase in the sticking coefRcient of normiotile cells when 
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compared to motile cells in transport experiments conducted under high ionic strength 

conditions. In &ct, nonmotile strains were observed to experience greater retardation that 

than motile bacterial strains for ail conditions tested by these investigators. 

1.S.3 Bacterial growth 

The consumption of contaminants and/or organic nutrients found in the subsurface is 

often associated with a concomitant increase in microbial numbers or growth (1, 26, 37, 

41, 55, 80, 86, 101). The movement of coliform bacteria to follow the movement of 

nutrients from leaking septic tanks and sewage lines suggests that conditions &vorable 

for bacterial growth are also the conditions that &vor greater penetration of bacteria 

through porous media (55, 69, 116, 117). In &ct, a common remedial strategy is to inject 

nutrients into contaminated plumes. This not only serves to promote microbial growth 

and in effect increasing the biodegradative potential of the soil, but may also have a 

significant influence on the movement of bacteria through the plume. Some reports in 

the literature suggest the microbial growth may have an inhibitory, instead of a positive 

effect on transport. In the case of MEOR, the resuscitation of microbes with nutrients 

serves to clog larger pores, thereby limiting their transport (81, 116, 117). As mentioned 

previously, microbial growth has also been observed to clog well heads after the addition 

of nutrients and has often been responsible for fouling remedial efforts in the field. It is 

important to note, however, that many of the bacterial transport experiments discussed 

previously were purposefully conducted under no growth conditions. This was done 

primarily in an effort to reduce the number of variables under investigation. Hence, only 
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a handful of studies have been conducted to investigate the influence of microbial growth 

on bacterial transport during advective flow. 

In fact, the first growth studies were initiated to investigate the potential for MEOR (69, 

81, 103, 106). These studies differ from most transport studies because they were 

conducted under static or no flow conditions. For example, Jenneman et al. (69) showed 

that more coliform bacteria penetrated deeper into saturated sandstone in the presence of 

nutrients compared to columns that were run without nutrient addition. Shanna et al. 

(106) and Reynolds et al. (103) observed similar results. Interestingly, these investigators 

found that bacteria had completely penetrated the columns even before an appreciable 

depletion in nutrients had occurred. The penetration patterns of the microorganisms 

tested differed significantly from strain to strain. Mutant strains that were non-motile and 

non-chemotaaic penetrated the porous media to a lesser extent than their wild-type 

parental strains. In addition, some strains were found to move in a random diffusive 

manner, whereas others moved through the composite material in a more ordered band

like fashion from the point of inoculation. These authors proposed two methods for the 

movement of bacteria by growth. First, it is thought that bacteria grow in a filamentous 

nature along the tortuous path, more consistent with the diffusive transport behavior 

observed. Second, cells are physically displaced into other pores once the pore volume is 

filled with growing cells, consistent with the band-like movement observed for 

chemotactic cells. 
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In studies conducted where both growth and advective transport were experimentally 

examined, an increase in both indigenous and inoculated bacterial numbers were 

documented at greater depths in soil columns pulsed with nutrients (26, 107) observed 

greater penetration of indigenous 2,4>D degraders in soil columns pulsed with 2,4-D 

relative to the control or column not receiving a pulse. Likewise, in this study (Appendix 

A), generally more inoculated and indigenous heterotrophs were eluted from columns 

pulsed with salicylate than from columns not receiving a pulse. Clements et al. (26) 

observed similar results in inoculated soil columns run under anoxic conditions. In all 

cases, the distance of penetration and concentration of bacteria found in column effluent 

samples was determined to be a fiinction of the nutrient load the columns received. In 

some cases, however, it is unclear whether this was due entirely to bacterial growth or 

whether some other mechanisms (ie. chemotaxis or motility) may have played a role. 

Bacterial transport under growth conditions has also been shown to be a function of the 

growth rate of the microorganisms. Microorganisms with increased growth rates were 

shown to penetrate further than microorganisms growing at a slower rate (35, 38, 55). 

Growth of bacteria in subsurface environments is presumed to follow Monod growth (14, 

27, 31, 32, 101). The Monod equation describes the relationship between the 

concentration of a limiting nutrient and the growth rate of the microorganisms. The 

assumption that microbial growth is generally slow due to limited nutrients found in these 

environments, makes the use of the equation very applicable to describing both 

contaminant consumption and bacterial growth. In fiict, Corapcioglu and Haridas (32), 
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were among the first scientists to incoq)orate microbial growth into a highly 

comprehensive model designed to predict microbial movement through saturated soils. 

Many of the factors that influence microbial movement, including, advection, dispersion, 

adsorption and desorption, filtration, pore clogging and declogging, sedimentation, 

chemotaxis and motility, as well as microbial growth and decay were taken into 

consideration in their model. More recently, however, Taylor and JafTe (117) developed 

a model which not only took into consideration all the fiictors incorporated into 

Corapcioglu and Haridas model but also included the changes in dispersivity caused by 

biofilm growth. Unlike their predecessors, their model was verified against experimental 

data and was found to predict both substrate consumption and biomass transport 

reasonably well. In general transport models predict enhanced bacterial movement under 

most growth conditions (101, 116, 117). Unlike the penetration observed under static 

conditions, this enhanced movement of bacteria through the porous matrix is thought to 

be due to the effect of shear fluid stress on the growing microbial population or biofilm 

resulting in detachment and deposition further downstream. There are instances, 

however, where microbial transport may be inhibitory under growth conditions (74, 81). 

This may include pore clogging, as pointed out by Taylor and JafTe (116) due to prolific 

biofilm growth in the substrata upon injection of nutrients. Or it may simply be the case 

that under certain growth conditions, a microorganism's propensity to adhere to a porous 

surface increases and movement through the matrix is in effect retarded. The latter was 

observed in the study described herein for an indigenous salicylate-degrading population 

found in a specific soil (see Appendix A for details). 
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l.S.3.1 Growth cycle effects on cell surface properties 

As mentioned previously, various structures associated with the bacterial cell surface 

have been demonstrated or implicated in the attachment of baaeria to sur£ices. Often, the 

nature of the cells* surface and the tendency of a microorganism to adhere are correlated 

with the growth cycle of the organisms (2, 14, 35, 123). Allison et al. (2) found that cells 

detaching from the surface were more hydrophillic than those remaining on the surface 

This suggested that a change in surface characteristics occurred during the cell division 

cycle. Similarly, Kjelleberg et al. (79) found that cells became more adhesive when 

nutrients were limited. Conversely, Gilbert et al. (50) found that cells became more 

adhesive and hydrophobic during active growth. Similarly, van Schie and Fletcher (123) 

found that sorption to glass surfaces tended to increase for most cells tested when cells 

were in exponential phase of growth and decreased significantly when the anaerobic 

strains were in stationary phase. This behavior was not found to be universal but rather 

was species-specific. Cell surface hydrophobicity has also been observed to change over 

time when Psuedomonas strains were grown in batch culture (4). The production of 

exopolymer materials also associated with bacterial attachment has been found to be 

growth cycle and nutrient availability dependent (3). 

1.6 Facilitated transport of contaminants 

In contrast to the biodegradation of contaminants by bacteria, the transport of 

contaminants through porous media may be facilitated along with the transport of 
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bacteria (13, 68, 76, 84, 85). Hydrophobic organic compounds can partition into 

dissolved organic molecules and colloids in the soil solution, sometimes resulting in 

increased mobility. Soil bacteria are often considered as living colloids or biocoUoids. 

The mechanisms through ^^ch organic compounds become associated with 

microorganisms are simply tenned biosorption. Potentially, biosorption of trace organic 

compounds may resuh in their transport over great distances (>800 m) (49), given that 

biodegradation of the compound does not occur. For example, Lindqvist and Enfield 

(85) found that bacterial biomass Give or dead) had significant sorptive capacities for two 

hydrophobic compounds,dichlorodiphenyltrichloroethane (DDT) and hexachlorobenenze. 

The sorption process for these two compounds was described by a linear partition 

equation, but the desorption kinetics were slow and/or partly irreversible. DDT was 

found to sorb to the bacterial biomass to a greater extent than hexachlorobenzene 

regardless of the bacterial strain tested. In addition, dead cells were found to have a 

greater sorptive capacity than live cells. They demonstrated the facilitated transport of 

DDT by conducting column studies with or without bacteria. In these studies, DDT 

transport was enhanced over 8-fold in columns containing approximately 10* CFU/ml 

free-living Bacillus bacteria compared to columns uninhabited by bacteria. From model 

simulations, these authors suggested that the presence of >10^ cells/ml in the aqueous 

phase could significantly enhance the mobility of very hydrophobic compounds (with an 

octanol-water partitioning coefficient, Kow ^ 6). Similarly, Kim and Corapcioglu (77) 

found that as the free-living concentration of bacteria increases so does biosorption and 

biofacilitated transport of hydrophobic organic compounds. 
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Transport of highly sorptive compounds may be fitcilitated simply by alterations in 

surface properties of the soil induced by the presence of microorganisms. In another 

study, the impact of biosorption and biofacilitated transport in a subsurface soil was 

investigated for three compounds, quinoline, naphthalene and ^'Ca (13). These 

compounds were selected because of their known interactions with soil. Napthalene was 

chosen to investigate the hydrophobic interactions. ^^Ca was chosen to investigate the 

electrostatic interactions with the cation exchange sites of the soil. Quinoline was chosen 

because it is capable of interacting with both the hydrophobic fraction and the ionic 

fraction depending on the solution pH. The results of miscible displacement experiments 

through soil columns homogeneously packed with bacteria were as follows: Napthalene 

sorption was reduced by 30% in the presence of biomass suggesting that the 

microorganisms either decreased its accessibility to hydrophobic sites or that its 

movement through the soil was biofacilitated. ^^Ca sorption was slightly reduced 

suggesting that microorganisms do not contribute much to the exchange capacity of the 

soil, nor did it biosorb. Quinoline sorption, on the other hand, was reduced by about 20-

60% suggesting that biomass induced changes in quinoline speciation thereby influencing 

its sorptive capacity. As the pH of the soil solution increased at the soil surface due to 

microbial activity, more neutral quinoline species would be present, in effecting 

decreasing its sorptive capacity. In addition, biosorption was found to be minimal for 

'*'Ca (R=1.1S) and quinoline (R = 1.16) in glass columns packed bacteria, while 

biosorption of napthalene was slightly greater (R= 1.29). Bellin and Roa (13) concluded 
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that alterations in surface properties by the microorganisms were more likely responsible 

for the enhanced transport observed for the three compounds than biosorption or 

biofacilitated transport. 

1.7 Conclusions 

Early research on the fate and transport of bacteria through geologic media was 

stimulated by traditional concerns for disease transmission as it relates to the disposal of 

wastes and the use of infiltration to purify microbially and organically contaminated 

waters. More recently, issues such as in situ bioremediation, colloid-facilitated transport 

of radionuclides and organic compounds, the release of genetically engineered 

microorganisms and subsurface microbiology have come under consideration (19, 85). 

In all cases, our ability to successfully predict the transport of bacteria through porous 

media is still limited by our inability to quantify all the processes that may be occurring 

as bacteria move through the substratum. Many advances have been made in the 

determination of these processes but the results from the literature are often conflicting 

and confusing at best, delineating the need for future research in the field. Overall, 

transport of bacteria through geologic media is thought to be governed predominantly by 

sorption-desorption reactions and physical straining imposed by pore exclusion. Many 

factors that have been shown to influence microbial sorption to composite materials. 

These include but are not limited to the nature of the porous media, the soil solution 

chemistry and various microbiological factors such as cell sur&ce characteristics, size 

and shape and cell cycle events. 
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Most of the research described herein is based on laboratory studies using models or 

columns. The major question arising from the results of these studies has been one of 

applicability to field situations. The repacked columns lack the complexities of the 

natural system and are poorly representative of the environment in the field. Scaling up 

of laboratory results from these systems to a field scale is of major concern. To date, 

predicting bacterial transport on a field scale has often been unsuccessfiil, whereby in 

many cases model predictions were off by orders of magnitude from what was observed. 

In addition, the study of bacterial transport requires detailed examination of the events 

occurring at the pore scale, the variability inherent to both the substrata and the bacteria. 

The implementation of fluorescent bacteria as well as confocal microscopy may help to 

facilitate the examination of some of these events (19). New methods in atomic force 

mass spectrophotometry may also help identify the mechanisms of sorption at a cellular 

level similar to the recent works of Jucker et al. (73). Interestingly, most mathematical 

models incorporating sorption in bacterial transport &il to incorporate sorption theories 

such as DLVO but rather rely on equilibrium or rate limited expressions to describe the 

sorption processes. It appears as though the two sciences (adhesion and transport of 

bacteria) are separate and distinct. Often, it has been the case that engineers responsible 

for the development of mathematical models fail to recognize the importance of the 

scientific research in the representation of biological phenomena (9, 10, 114). There is 

also a clear need for long-term incorporation of microbial interactions with the porous 
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media into experimental design and mathematical construction. A requirement for 

studies using more realistic media with representative chemistries and flow velocities 

must also be recognized. The study presented here (^pendix A) has tried to incorporate 

some of these variables by investigating the transport of microorganisms indigenous to 

natural soils within their natural system even though the columns were homogenously 

packed and run at a relatively fast flow rate (1 m/day). Finally, it is necessary to expand 

experimental horizons to include more studies at a field scale. In an effon to investigate 

microbial transport at a field scale. Bales et al. (10) have employed the use of synthetic 

microspheres to mimic the transport of bacteria, protozoa and viruses. The results of this 

study indicated that microsphere mimicked the activity of all microorganisms tested 

relatively well and should serve as a model tracer for microbial transport in the field. 

1.8 Dissertation Format 

This dissertation comprises two chapters followed by two appendices. Chapter 1 is the 

introduaion and literature review to this dissertation. This chapter details the effects of 

physical, chemical and microbiological factors on bacterial movement through soil and 

subsurface environmems. Chapter 2 details common methods employed by scientists to 

study bacterial transport in the environment. In addition. Chapter 2 provides a brief 

summary of two research projects conducted over the course of my graduate study in the 

Soil, Water and Environmental Science Department along with some recommendations 

for future work. Appendices A and B are of two papers describing this research. 
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The first pvptt attached to appendix A be will submitted for publication in the peer-

review journal Microbial Ecology. Together my colleague, Susannah Snyder, and I 

designed, conducted and analyzed all data obtained from the experiments detailed in this 

paper. Drs. Maier and Brusseau helped to write this manuscript and provided guidance 

towards achieving our research goals. The second article attached to ^pendix B was 

published in Volume 38 of the Journal of Microbiological Methods. I designed and 

conducted all experiments described in this manuscript. Dr. Raina Maier, co-author, 

helped analyze the data and write the article. 
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CHAPTER! 

Approaches to Studying Bacterial Transport 

2.1 Introduction 

There are several approaches to studying microbial transport. These include examining 

bacterial transport at a pore scale by microscopically determining bacterial interactions 

within porous material, in columns of various dimensions on a laboratory scale, and on a 

field scale in lysimeters or shallow aquifers. Ideally, more studies should be conducted 

on a field scale but in situ transport experiments are difficult to conduct at this level and 

are often met with opposition. Additionally, there are many obstacles associated with 

conducting in situ field scale transport studies. One obstacle encountered when 

manipulating these envirotmients while sampling and installing wells is disturbance of 

the natural equilibrium thereby obscuring the determination of critical transport &ctors. 

The risk of biological contamination is also greatly increased. Lastly, the release of 

genetically-engineered microorganisms is strictly regulated due to the uncertainty 

regarding their biological safety (94, 118). Therefore in order to overcome these 

limitations, most transport studies are conducted on a laboratory scale in columns. These 

systems offer the added benefit in that they are contained, may be manipulated more 

readily to determine the influence of specific factors, and may be designed to help 

facilitate sampling at various depths. 
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2.2 Laboratory scale column experiments 

The degree to which columns resemble natural soil systems varies significantly. 

Typically, chromatography columns are adapted for transport studies or columns may be 

purchased independently or designed and constructed to fit the needs of the researcher. 

The researcher must also consider such factors as column length and diameter, sampling 

devices and accessibility to them, and the ability to sterilize column components. 

Columns may be constructed of steel, plastic, glass or a combination of these materials. 

Screens are typically placed at the ends of the columns to contain the contents within and 

promote even flow over the top of the columns. The choice of the packing material is 

very much dependent on the aim of the researcher. 

2.2.1 Packing materials and general procedures 

Packing materials are chosen to fit the needs of the investigation. For example, in order 

to promote homogeneity throughout a column for example, columns are packed with 

glass beads or sand of uniform size (8, 19,26, 36, 60, 78). Additionally, in order to avoid 

preferential or macropore flow, column materials must be packed uniformly at a specified 

bulk density (typical bulk densities in the field range from 1.3 to 1.5 g/cm^) (47). 

Colunuis can be either dry or wet packed but there are pit&lls to both methods. Dry 

packed columns tend to take a longer time to completely saturate than wet packed 

columns, whereas wet packed columns may introduce outside contamination if the aim is 

to nai a sterile column, especially if the column cannot be sterilized after assembly. In 
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addition, wet packing columns with soils high in clay and silt often results in non

uniform particle distribution decreasing the reproducibility of replicate columns. When 

performing site-specific research, soil from the site should be employed in order to 

investigate relevant Actors influencing bacterial transport at the site (16). One approach 

is to use intaa soil cores (S7, 69, 81, 112). This method works well for coarse-textured 

soils because there are compaction problems associated with obtaining cores from finer-

textured soils. However, it is very difficult to recover intact cores that do not exhibit 

preferential flow behavior (112). 

Afler packing and assembly of the columns, pumps are generally used to deliver fluid 

into the column. For columns designed to mimic saturated subsurface environments, 

flow is generally applied from the bottom to the top of the column to minimize 

gravitational effects and promote complete saturation (47, 58, 94). Additionally, the flow 

rate should be conducted at velocities that are relevant to natural environments. In a 

review by Lawrence and Hendry (58), they comment on the fact that many column 

experiments were conducted at flow conditions unrealistic of natural field conditions. 

Consideration of the input solution employed in any transport experiment should also be 

taken into account. In general, researchers make use of solutions that mimic the soil 

solution (ie. 0.01 N CaCl, artificial or sterilized ground and rainwater) (13, 22, 52, 57). 

For unsaturated conditions, a vacuum can be applied to the outflow end of the column to 

ensure an even degree of saturation throughout the colunm. 
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2.2.2 Column inoculation 

Columns are inoculated in a variety of ways. In most cases, an inoculum is pumped into 

columns under either saturated or unsaturated flow conditions and bacterial breakthrough 

is monitored from the effluent end (8, 20, 38, 59, 68, 78, 81). Conversely, sterile or non-

sterile soil can be inoculated prior to packing (13, 16, 22, 26). For example, Gannon et 

al. (46) inoculated their columns by placing a circular mound of inoculated soil at the top 

of a wetted column. Additionally, they placed a leveled layer of sterilized soil on top of 

the mound. The column was maintained under specific flow conditions for a specified 

amount of time prior to sampling. It is important to note that the use of sterile soil may 

not be advantageous beouise soil sterilization procedures have been shown to alter the 

soil from its natural state (107). Additionally, faaors such as competition, parasitism and 

predation are not included in such investigations. 

For the most part, the aim of the research governs the choice of the inoculum. Generally, 

bacteria conferring biodegradative capabilities or other properties that could potentially 

influence their transport are chosen as inocula in sterile systems (13, 20, 22, 26, 47, S9, 

68, 83). For example, indigenous soil or groundwater microbial populations isolated 

from contaminated environments are often employed in transport studies. If nonsterile 

soils are employed as the packing material, it may be difHcult to difTerentiate between the 

inoculated bacteria and the indigenous microorganisms already present in the soil. In 

order to track the inoculated microorganisms in these column experiments, researchers 
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use "tagged" microorganisms (22). In the past, tagging was achieved by fluorochrome 

staining. However, questions have arisen as to alterations caused by the staining 

procedure (20, 24). In fact, Chen and Koopman (24) observed significant dififerences in 

cell adsorption behavior in batch studies with porous media when cells were stained with 

acridine orange or ethidium bromide. More recently, researchers have turned to the use 

of genetically engineered or "maiked" bacteria to investigate and track microbial 

transport behavior through porous media (16, 19, 22). Additionally, genetically 

engineered luminescent baaeria are being used to not only monitor bacterial transport but 

also to monitor biodc^radation of contaminants in porous media. In contrast to 

inoculated systems, only a few researchers report on the transport of indigenous 

microbial populations (11, 75, 107). The study conducted here (Appendix A) describes 

an example whereby indigenous soil microorganisms were investigated without prior 

extraction for their overall transport behavior when a substrate pulse was introduced into 

repacked soil columns. 

2.2.3 Sampling considerations 

Sampling of the colunm can also be achieved in a variety of ways, namely destructive or 

non-destructive. Destructive sampling of columns generally involves disassembly of the 

column. Manipulation of the column in this way disrupts the soil matrix and the column 

can no longer be used for other experimental runs. Destructive sampling may even result 

in the destruction of the colunm itself For example, Logan and his colleagues (52, 70, 

71, 83), cut their colunms into 1cm sections in order to determine bacterial sticking 
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coefficients. Similarly, Trevors et al (118) employed a destructive method of cutting their 

columns into three sections using a sterilized saw. Non-destructive sampling methods, 

on the other hand, include monitoring the effluent from columns or using sampling ports 

to assess the presence of microorganisms or contaminants of interest from pore water 

samples taken within the column itself. However, especially in the latter case, this type 

of sampling may create altered flow paths which may not be representative of the flow in 

the column. In all types of sampling, analysis of the samples should be limited to 

portions of the sample that are not in immediate contact with the column because 

transport at this interfiice may be significantly different from that through the matrix itself 

(94). Additionally, it is essential that aseptic techniques by employed when sampling 

and packing columns used for transport of biotic components. The introduction of 

exogenous microorganisms during an experiment or while sampling may skew the 

transport data obtained. In addition, the introduction of microorganisms other than those 

of interest may significantly alter the stability, aaivity and persistence of the microbe of 

interest. 

2.3 Pore scale experiments 

An alternative or adjunct to column studies is the adoption of a variety of small-scale 

models to visualize the interactions of microorganisms with porous surfaces. The use of 

these systems in conjunction with in-situ microscopic observation and image analysis has 

yielded reliable data on the aspect of bacterial interaaions with porous sur&ces. These 

small-scale models include the use of etched glass, small capillaries and flow cells. 
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Bacterial attachment, sorption, growth rates as well as biofilm formation has been viewed 

using these cinemicrographic techniques (35, S8, 92, 108, 123). Typically, these images 

have been directed towards enumeration of cells present or deposited onto a variety of 

sur&ces. In addition, scanning confocal light (SCLM) microscopic techniques of 

fluorescing bacteria has allowed for a collection of images depicting bacterial interactions 

with a variety of sur&ces (93). The techniques are usually noninvasive and simple. 

When combined with fluorescent, species-specific probes, they provide additional 

information as to the transport behavior of individual microorganisms on a pore scale. 

The optical sectioning capabilities of SCLM techniques and image analysis also provide a 

basis for quantitative analysis at the microbial surface and porous media interface. In 

regards to bacterial transport, Hendry et al. (60) used SCLM to visualize the precise 

velocity and location of bacteria within pore throats in a sand column. Wan et al. (125) 

used a glass micromodel to examine the influence of the gas-water interface on bacterial 

transport. They found that bacteria preferentially sorbed at the gas-water interface. 

Additionally, there have been reports of the inherent difficulty in scaling up to the field 

level associated with conducting and collecting microbial transport data at such a small 

scale. 

2.4 Lysimeter and field scale studies 

Lysimeters are essentially very large columns. Lysimeters provide an additional 

approach to monitoring bacterial transport by bridging the gap in scale between 

laboratory colunms and field studies. Large tanks are filled with soil and elaborately 
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installed with a variety of sampling and monitoring devices. The tanks are generally 

placed into excavated pits. Sampling devices, portholes and drains are readily accessible. 

Their size and placement allows for better approximation of in situ conditions while still 

separating the experimental system from the environment. In addition, studies can be 

conducted under natural precipitation conditions or under irrigated water flow, whichever 

is preferred. Unfortunately, there is a lack of research focused on the use of lysimeters in 

investigating microbial transport. In contrast, the research is abundant on the use of 

lysimeters to monitor contaminant transport and soil water retention. 

Even though lysimeters offer a better approximation to the field, in order to assess 

bacterial movement in situ transport studies are a necessity. Field studies are generally 

more difficult to conduct but allow for the investigation of multiple &ctors 

simultaneously. For instance. Bales and his colleagues (9, 10) conducted in situ 

experiments where the influence of aquifer heterogeneity and changes in pH on 

bacteriophage and bacterial transport were investigated. Pang et al. (97) conducted a 

similar study to characterize the transport behavior of B. subtilis spores through 

preferential flowpaths in a shallow gravel aquifer. In this study, the groundwater velocity 

was not uniform throughout the aquifer but ranged anywhere from 30-85 m/day. 

Researchers apply a variety of different techniques to investigate bacterial movement in 

the field. These include but are not limited to; 1) sampling for tagged microorganisms 

and tracers that are intentionally injected into subsur&ce environments (9, 54, 97), 
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injecting and monitoring the movement of fluorescent microsphere particles (meant to 

resemble microbial size and surface characteristics) (9, 10, 56), enumerating and 

determining indigenous microbial activity in intact soil cores (11, 28, 29, S3, SS, 75, 82, 

95, 96). Depending on the desired sampling depth and type of soil, a sterilized agar can 

be used to obtain intact soil cores from shallow aquifers or sur&ce soils. Conversely, 

boreholes (wells) can be drilled to obtain groundwater as well as core samples from 

deeper subsur&ce environments. Sampling pore water from unsaturated zones is 

considerably more difficult than sampling from saturated zones and requires application 

of an external force (suction) to extraa the samples. In addition to determining the 

spatial movement and activity of microorganisms in the field, samples are taken at 

different time intervals, analyzed and enumerated to determine the temporal movement 

and activity of microorganisms. The practice of aseptic technique is paramount to 

overcoming one of the biggest obstacles encountered when conducting any bacterial 

transport study especially on a field scale, the constant risk of contamination during 

sampling (30, 89). 

2.5 Concluding remarks 

Because most bacterial transport experiments are carried out in columns of various 

dimensions and types, there is a need for experimental standardization when conducting 

these studies. The following is a summarized version of the criteria developed by Hendry 

and Lawrence (58) for the implementation of soil columns in bacterial transport studies. 

1) Complete characterization of the porous media, input solutions and microorganisms 
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employed is a must. 2) Column dimensions, accessories, and packing and experimental 

procedures need to be standardized. 3) Standardization of bacterial culturing, harvesting 

and monitoring is crucial in understanding microbial properties influencing their transport 

through porous media. 4) The simultaneous use of conservative tracers is also desirable 

to allow for universal interpretation of the data. Lastly, flow velocities and pore volumes 

should be reported in addition to the time elapsed in order to facilitate data comparison. 

2.6 Present and future studies 

Although research is ongoing in the field of microbial transport and traditional techniques 

have been shown to adequately monitor microbial movement and activity in soil and 

subsurface environments, there is a push for new, more innovative pore, column and field 

scale approaches to further elucidate and better predict microbial transport. In response 

to this need, two studies were performed to gain a better imderstanding of bacterial 

transport, distribution and activity in soil. The first method (Appendix A) differs fi'om 

most bacterial transport studies in that we investigated the influence substrate addition 

had on the transport of indigenous, rather than inoculated, microorganisms from soil 

columns ran under saturated flow conditions typically found at sites under remediation. 

Specifically, we compared the transport and activity of inoculated and indigenous 

microorganisms through a variety of porous media. This was achieved by monitoring 

both the bacterial elution fi'om and the biodegradation of a soluble substrate in repacked 

soil colunms (see Appendix A for details). The second study (Appendix B) was the 

development of a new method to visualize the microbial spatial distribution on soil 
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surfaces and is presented in (72). This method may prove useful in gaining a better 

understanding of microbial transport, distribution and activity in soils. This relatively 

simple "agar lift" technique allows for visualization of spatial distribution of culturable 

baaeria on soil surfaces on a macroscopic rather than a microscopic scale. Additionally, 

the method can detect localized microbial activity on a sur&ce (see Appendix B for 

details). Briefly, a soil surface is lifted on to an agar slab of microbiological media. The 

agar is allowed to incubate for a specified amount of time to allow for microbial growth. 

The conventional colony lift technique is used to lift microbial cells ofF the agar slab onto 

a positively charged nylon membrane. The microbial cells/colonies are then lysed to 

expose their DNA. The DNA adhering to the membrane is hybridized with radiolabeled 

oligonucleotides complementary to conserved regions of the microbial genome. 

Afterwards, the membrane is exposed to x-ray film. The x-ray film is developed and the 

resulting autoradiograph depicts the spatial distribution of culturable microorganisms 

found on the originally lifted soil surface. 

It is conceivable that this approach can be employed in conjunaion with column 

transport studies to investigate both microbial movement and activity through out the 

length of a column. Further development of the method includes designing a colunm 

amendable to the agar lift technique. A relatively flat soil surface is essential in the 

implementation of the technique. This is rarely achieved upon disassembly of traditional 

colunm setups. As mentioned previously, Trevors et al. (118) employed the use of a 

sterilized saw to section their colunms, this could potentially result in flat soil surfaces 
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amenable to agar lifting. One pit£il] to sectioning a column with a saw is the 

redistribution of microorganisms due to the sawing action which may not be 

representative of the true microbial distribution in the column. Perhaps, the top surface 

of the newly exposed soil can be lifted numerous times before performing the colony lift 

to ensure a more representative distribution of microorganisms and their activity. This 

method has yet to be employed and may just be the key to the application of the "agar 

lift" technique to elucidating microbial transport and activity in soil colunms. 
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ABSTRACT 

A series of column experiments were performed under saturated flow conditions to study 

bacterial transport under growth conditions. It was our hypothesis that columns receiving a 

substrate pulse would exhibit an increase in total bacteria eluted compared to those not 

receiving a substrate pulse. To test this hypothesis, the elution of P. putida RB13S3 was 

monitored from inoculated quartz sand and Hayhook soil columns. In addition, elution of 

indigenous microbial populations was monitored from two loamy sand soils (Hayhook and 

Vinton). Experimental columns were pulsed with IS pore volumes (PV) of an oxygen 

sparged, 20 mg/L salicylate solution following an initial IS PV flush of a mineral salts (MSB) 

solution. Control columns were flushed continuously for 30 PV with MSB. Growth 

occurred and significantly more RB1353 cells were eluted from salicylate pulsed columns for 

the quartz sand but the salicylate pulse did not significantly influence either growth or elution 

of RB 1353 in the Hayhook soil. Analysis of pore size distributions and sorption potential 

suggests that this was due to increased retention of RBI 3 S3 in the finer textured soil. For 

colunms examining the transport of indigenous microbial populations, no measurable growth 

occurred during the salicylate pulse. The salicylate pulse did, however, have an e£fect on the 

transport of certain indigenous populations. Specifically, while the elution of heterotrophs 

increased for both the Hayhook and Vinton soils, elution of salicylate-degraders showed 

contrasting behavior. For Hayhook soil, the number of salicylate-degraders eluted was 

reduced indicating they were selectively retained relative to the total heterotrophic population. 

For the Vinton soil, salicylate-degrader elution was similar to elution of heterotrophs. The 

data presented here suggest that mechanisms controlling microbial transport are a function 
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of both the porous medhun and the properties of the indigenous microbial population(s) and 

thus may not be readily predictable on a field scale. 
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INTRODUCTION 

Concerns about the presence of pathogenic microorganisms in groundwater (a nuyor 

water recharge issue) and more recently, the use of microbes for in-situ contaminant 

degradation in groundwater systems have engendered research designed to better understand 

and predict bacterial transport (either indigenous or introduced) through the subsurfiu» (2, 

14,22, 24,30, 36, 38). An appreciation of bacterial transport mechanisms is also important 

in studies of the origins and movement of deep subsurface microbial populations (32, 45). 

Initial research on bacterial transport was based on colloid-filtration theory (14, 23, 

53). Processes common to both microbial transport models and colloid-filtration theory 

include advection, dispersion, and retardation. The latter process can be subdivided into 

three components; sorption, physical straining, and sedimentation (1, 10, 12, 14, 24, 26,47, 

53). The impact of these components on transport has been investigated in detail (1-4,6,20, 

21, 24, 27, 30, 36, 41, 53), sometimes with conflicting results. In addition, parameters 

describing cell motility and chemotaxis, cell surface properties, growth, and decay have been 

included in transport models (18, 33, 37, 40, 48, 49). However, more often than not, these 

parameters have not been quantified experimentally but simply "lumped" into a fitting 

coefficient to help the models simulate the data more accurately. Furthermore, when these 

parameters were determined, they were generally obtained for a particular microorganism in 

simplistic porous media systems (ie.glass beads). 

A majority of microbial transport studies conducted to date involve inoculating 

bacteria into soil column systems and monitoring microbial transport behavior. These studies 

can be further subdivided into two groups. One group of studies has examined the behavior 
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of injected microorganisms under no-growth conditions (1,4,7,9-11,17,19-21,26-28,30, 

34, 36, 39, 42, 45, 46, 52-54). The other has examined the impact growth has on the 

transport behavior of these inoculated bacteria. The general consensus from the latter group 

is that inoculated bacteria move to greater depths in soil or sand column experiments run 

under growth conditions (5, 6, 12, 13, 18, 25, 29, 35, 37, 41, 43, 48, 49). For example, 

Clement et al (13) found that bacterial detachment and elution from porous media was most 

likely dependent on the growth rate of the microbial population under investigation. Using 

an estimated detachment coefficient, they were able develop a detailed transport model which 

prediaed cell and nitrate breakthrough profiles under denitrification conditions reasonably 

well, but forewarned against using the model for other conditions or systems. Reddy and 

Ford (40) developed two bacterial advection/dispersion/sorption transport models coupled 

with growth and contaminant consumption which predicted substrate concentration profiles 

fairly well but they were unsuccessful in simulating bacterial distribution or breakthrough 

data. In these and other instances, when growth parameters were incorporated into transport 

models, an increase in transport was predicted. 

In contrast to the numerous studies concerning transport of inoculated 

microorganisms, there have been very few studies investigating the transport of indigenous 

soil microbial populations. Recently, Shaw and Bums (44) conducted a study to investigate 

the in situ biodegradation of pulse-applied 2,4-dichlorophenoxy acetic acid (2,4-D) in 

repacked soil colunms. In addition to finding more indigenous 2,4-D degraders at greater 

depth in columns pulsed discontinuously with 2,4-D compared to columns that were not 

pulsed, they also found more indigenous 2,4-D degraders in the effluent collected from pulsed 
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columns. Thus, the lack of data concerning the transport of indigenous microorganisms in 

conjunction with substrate consumption appears worthy of further investigation. 

The present study was initiated to further examine the impact a substrate pulse, as well 

as soil heterogeneity, has on bacterial transport. In this study bacterial transport was 

monitored by enumerating the number of bacteria eluted from saturated soil columns 

receiving a carbon source (salicylate) and comparing this number to that obtained for columns 

which did not. First, bacterial elution was monitored from model homogenous quartz sand 

systems inoculated with a homogenous microbial population. Second, elution of the 

homogenous population was monitored from columns packed with an inoculated loamy sand 

soil instead. Lastly, the elution of indigenous, heterogenous microbial populations was 

monitored from two different loamy sand soil columns. Consistent with both transport theory 

and the observations of others, we hypothesized that colunms (regardless of system 

heterogeneity) receiving a carbon source would exhibit an increase in total bacteria eluted 

over columns not receiving salicylate. 

MATERIALS AND METHODS 

Porous Media. Three natural porous media were used in this study: 1) A well-sorted (20/30 

mesh, particle diameter = 0.59 to 0.84 mm, 0.04% organic matter [OM]) quartz sand (Unimin 

Corporation, Le Seuer, MN), wherein the narrow size fraction was used to promote physical 

homogeneity; 2) A loamy sand (Hayhook soil) with the following characteristics; 10% clay, 

5% silt and 0.1% OM; 3) An 80:20 mixture of Vinton; Mt. Lemmon (5% clay, 10% silt, and 

1% OM) soil referred to hereafter as Vinton mixture. The Vinton mixture soil was used to 



97 

create a medium with an appreciable organic matter content. All three soils (Hayhook, 

Vinton, and Mt. Lenunon) were collected locally in Tucson, Arizona and were sieved to 2 

mm prior to the experiments. The pore size distribution was determined for all porous media 

as described in (IS). Table 1 summarizes the results from the pore size analysis of the three 

porous media employed in this study. 

Microorganism andmedm. Pseudomonasputida strain RB13 S 3 was chosen as the inoculum 

for transport investigations in the sand and sterile soil systems for two reasons. RBI3S3 

contains the NAH7 plasmid encoding the genes responsible for the degradation of salicylate, 

and a selectable kanamycin antibiotic resistance marker. Strain RB 1353 was kindly provided 

by Dr. R. Burlage (Oak Ridge National Laboratory', Oak Ridge, TN) (8). RBI353 was 

maintained on Luria Broth agar medium supplemented with 100 mg/L Kanamycin (LBK). 

MSB solution used for column flushing was made as described by (8). MSB-salicylate agar 

plates contained 1.5% Noble agar (Difco, Detroit, MI), 100 mg/L salicylate and 50 mg/L 

cycloheximide to suppress fiingal growth. These were used to enumerate salicylate 

degraders. R2A (Difco, Detroit, MI) plates were used to enumerate heterotrophs. 

Adsorption Stutfy. Adsorption of RB 1353 cells to the sand and Hayhook soil was measured 

in a batch experiment. Briefly, 25 ml of a 48 hr (stationary phase) culture of RB 1353 (109 

cells/ml) was centrifuged at 10,000 x g, rinsed with 0.85% sterile saline to remove excess 

growth media, centrifuged again, and resuspended in 500 ml sterile MSB. Fifty ml aliquots 

of the bacterial suspenaon were added to triplicate flasks containing 25 g of autoclaved sand 
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or Hayhook soil. The bacterial suspension (without soil) and the soilrbacterial slurries were 

incubated on a rotary shaker (100 rpm) at 4° C overnight. Samples were plated in triplicate 

and colonies were enumerated on LBK media after 2 days. 

Cell Surface Hydrophobicity. A modified version of the BATH assay (SI) was conducted 

to determine if there were any surface property differences in the indigenous 

salicylate-degrading microbial population between the Hayhook loamy sand and the 

Vinton/Mt. Lemmon mixture soils. Briefly, bacterial colonies were swabbed fi-om selected 

salicylate agar plates (those containing 50-100 CFU) after enumeration at 10 days and 

resuspended in MSB or MSB + 20 mg/L salicylate to give an initial absorbance (OD^) 

ranging fi'om 0.5 to 2.0 at 600 nm. After incubation for 1.5 h at room temperature, a 1 ml 

aliquot was transferred into test tubes containing 4 ml of hexadecane (Sigma, St. Louis, MO) 

vortexed for 1 min and then allowed to settle for 30 min. The final OD^qq was measured and 

the relative hydrophobicity of the cells was expressed as the percent decrease in CD of the 

aqueous cell suspension after partitioning into the hexadecane and plotted against the initial 

0^600-

Inoculated Columns. The sand was sterilized by a single (1 hr) autoclave event prior to 

inoculation with P. putida RB1353, whereas the Hayhook soil was sterilized by 4 consecutive 

(1 hr) autoclave events within a 5 day period. Soils were tested for sterility by plating serial 

dilutions fi'om 1 g subsamples on three different agar media (LBK, R2A, MSB-salicylate). 

Sand and Hayhook samples were inoculated to a cell density of 10^ CFU/g dry soil with a 
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Stationary phase suspension of RBI3S3 prepared as described for the adsorption study. 

Sterile 15 x 2.5 cm glass columns were aseptically packed with the inoculated medium to a 

bulk density of 1.8 g/cm^ and 1.7 g/ccn?, for the sand and Hayhook soil, respectively. To 

promote homogenous packing of the inoculated Hayhook soil, the soil was moistened to 

over-saturation with the MSB cell suspension and packed into the column by vortexing. Soil 

was slowly added in increments to the glass column and vortexed after each addition to 

prevent stratification of fines. Any excess solution was siphoned off with sterile pipettes after 

each addition of soil until the column was completely packed with soil. 

Indigenous Columns. Hayhook and Vinton mixture soils were used to investigate 

indigenous bacterial elution behavior under saturated conditions. Microbial equilibration of 

both soils was achieved by moistening the soil to 20% gravimetric water content and allowing 

it to incubate for approximately 65 hr at room temperature prior to performing the 

homogenous packing procedure described above for the inoculated sterile Hayhook soil 

columns. 

Ejqterimenud Procedure. All system components, materials, and solutions were sterilized 

prior to each experiment. The tubing and pumps, and other column components that could 

not withstand autoclaving were sterilized by treatment with a 10% bleach solution for a 

minimum of 30 min, followed by an equivalent treatment in 0.01% Na thiosul&te neutralizing 

solution, and then rinsed with sterile distilled, deionized water. The 20 mg/L salicylate MSB 

solution was filter sterilized (0.2 mm). Each experimental trial consisted of two columns 



100 

packed simultaneously, with one column serving as the experimental column to receive a 

salicylate pulse and the other column serving as a control. Most experiments were performed 

in triplicate for each media type, unless otherwise mentioned, for a total of 3 control and 3 

experimental columns per soil. The colunms were aseptically connected to piston 

displacement pumps using teflon tubing. For all experiments, an autoclaved phosphate 

buffered MSB was pumped through the colunuis for approximately 22 hours (~ 15 pore 

volumes) followed either by a 26 hour (—17 pore volume) pulse of 20 mg/L salicylate in MSB 

(experimental columns) or a continuous flush of MSB alone (control columns). Serial 

dilutions of effluent samples from both columns were performed and plated. For inoculated 

columns, LBK was the medium of choice. Indigenous column effluent and soil samples were 

plated on both RjA (Difco,Spai1cs, MD) and a 100 mg/L salicylate/cycloheximide/MSB agar 

medium. Enumeration of colony forming units (CFU) provided data for cell elution curves 

and an overall cell mass balance for the columns. 

Cell mass balances were obtained for each experimental trial by quantifying the 

numbers of cells 1) initially packed into each colunm (either indigenous or inoculated), 2) 

eluted from each column during each experiment and 3) remaining in the columns following 

the experiment. The serial dilution/spread plate technique was used to obtain all cell counts. 

Initial cell counts were obtained (CFU/g dry soil) for three subsamples of each porous 

medium prior to packing the columns. The total number of cells eluted from each columns 

was determined by integrating under the cell elution curve generated for each e^eriment by 

plotting effluent CFU/ml vs. pore volume. Final cell counts were determined after each 

experiment by taking two Ig samples from each of three locations within the columns 
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(influent end, middle, and efiBuent end). This was done because the bacterial cell distribution 

changed within each column during the experiment and was no longer homogenous (Figures 

2 and 3). All samples, including effluent samples, were plated in triplicate and 25 < CFU < 

300 were enumerated after 2 days (^K), 4 days (RsA) and 10 days (MSB-salicylate) of 

incubation at room temperature. 

Confidence intervals (95%) were calculated for each sample (elution fiaction or soil 

sample) by adding or subtracting two standard deviations fi'om the mean cell count for each 

sample (obtained fi'om triplicate plate counts). In order to determine the total initial and final 

cell counts in each soil column, the average, as well as the minimum and maximum 95% 

confidence values, were multiplied by the weight of dry soil packed into each column. The 

increase in ceil number was calculated for each column using the following equation: 

(final cell counts number of cells eluted") - initial cell counts Equation 1 

initial cell counts 

Salicylate breakthrough curves were obtained by determining the concentration of 

salicylate in effluent samples which were collected continuously during the salicylate pulse for 

the experimental columns using a fi'action collector. Each fraction tube contained enough 

NaOH to bring the final concentration to 0.33 N. This was done to lyse the eluted cells 

ensuring the cessation of fiirther salicylate biodegradation during collection of effluent 

samples. After collection, a subsample from each tube was centrifiiged for 10 min at 10,000 

X g and the supernatant was subsequently analyzed for salicylate. All salicylate 

concentrations in effluent samples were determined by UV spectroscopy at an absorbance 

wavelength of 296 nm, except for effluent samples from the Vinton mixture soil. Due to 
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interference by humic materials present in the Vinton mixture soil, '^C-salicylate (Sigma 

Chemical Co., St. Louis, MO) was used to obtain salicylate breakthrough curves. In this 

case, samples were collected in fraction tubes containing 100 ^1 of concentrated HCl. 

Concentrated HCl was used to purge the effluent of '^C-COj as well as to prevent any 

salicylate degradation. Radioactivity within each sample was analyzed using a liquid 

scintillation counter model 1600TR (Packard Instnunent Co., Meriden, CT). 

RESULTS 

Inoculated Columns. In the first set of expenments, the elution of Pxudomonas putida 

RBI353 was monitored from saturated sand and Hayhook soil columns. The sand columns 

were considered a "model system;" whereby the sand served as an "ideal" homogenous 

porous medium, and RB 1353 as the representative microorganism. The bacterial elution data 

shown in Figure 1 is an example of RB1353 elution from inoculated sand columns. There 

was a pronounced increase in the number of cells eluted from columns receiving salicylate 

upon commencement of the pulse for both experimental trials. Generally, RBI 353 elution 

peaked and plateaued approximately 5 pore volumes after the introduction of salicylate for 

duplicate columns. The number of RB 1353 cells eluted from the experimental columns was 

consistently greater than from control columns for the entire duration of the salicylate pulse 

for both experimental trials (Table 2). The increase also corresponded to an observed 

increase in salicylate biodegradation (Figure 1, see downward slope of salicylate breakthrough 

line). There was a significant increase in cells found for both columns receiving salicylate 

upon completion of the experiment (Table 2) indicating that growth had occurred in these 
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columns when compared to the controls. 

To verify whether substrate concentration affected cell elution, a 1 mg/L salicylate 

pulse experiment was performed in the quartz sand. Results show that in comparison to the 

20 mg/L pulse, both the mass of salicylate degraded and the number of cells eluted declined 

in response to the 1 mg/L salicylate pulse. Specifically, for columns pulsed with a 20 mg 

salicylate/L solution, an average of 84% of the salicylate was degraded, while only 50% of 

the 1 mg/L solution was degraded (data not shown). In terms of cell elution, ten times more 

cells were eluted fi'om columns receiving a 20 mg/L salicylate pulse compared to columns 

pulsed with 1 mg/L salicylate (Figure 4). 

At the end of each experiment, all columns were broken down and soil samples were 

taken at the influent (top), middle and efiQuent (bottom) sections of each column in order to 

obtain a cell mass balance. The average RB13S3 cell distribution data for both the inoculated 

quartz sand and Hayhook soil columns are presented in Figure 2. The distribution of 

RB1353 cells decreased from top to bottom in both experimental and control columns for the 

inoculated quartz sand. In colunuis receiving salicylate (experimental columns) this gradient 

in cell distribution was more pronounced and significantly more cells were found in the 

column compared to the number of cells initially inoculated into the soil. The latter was 

especially true for the top and middle sections of the column. Conversely, there were fewer 

cells distributed through out the length of the control columns than originally inoculated. The 

final distribution ofRB 1353 cells in the Hayhook soil was slightly different than that observed 

for the inoculated quartz sand. Again, more cells were found at the top of these columns 

especially for columns receiving salicylate but the distribution gradient was not as 
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pronounced. There was no real difference in the number of cells remaining in these columns 

at the end of the experimem when compared to the number of cells originally inoculated into 

the soil with a slight exception for columns receiving salicylate (experimental) at the influent 

end. 

The elution of RBI 3 S3 from inoculated Hayhook soil, a more heterogenous porous 

medium, was dramatically different than that observed for the homogenous sand columns. 

The data shown in Figure S are of RBI3S3 cell elution and corresponding salicylate 

breakthrough from the Hayhook soil for all four experimental trials. In contrast to the quartz 

sand,RB13S3 elution from the loamy sand soil was more variable for all trials. In fact, it was 

determined by multivariate analysis of variance (ANOVA) that the data obtained from the 

four different columns receiving salicylate were significantly different (P < 10-6) from each 

other but this was not the case for the control columns (P = 0.S34) or the salicylate 

breakthrough data (P = 0.162). In addition, there were consistently fewer cells eluted from 

Hayhook columns receiving salicylate than from quartz sand columns both prior to and 

following the salicylate pulse. The higher cell retention found for these columns caused a 

resultant increase in the initial rates of salicylate biodegradation. This can be seen by 

examination of the salicylate breakthrough curves which peak at C/Cq = 1 for the sand column 

and C/Cq = 0.63 for the Hayhook column. This may have also been due to a slight increase 

in dispersion (as observed by tailing in the breakthrough of salicylate in sterile un-inoculated 

columns) experienced by salicylate in the more heterogenous porous media (Figure 6). 

Again in contrast to the sand colunms, the salicylate pulse did not promote a 

measurable increase in the final number of RBI3S3 cells recovered over the initial number 
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inoculated into Hayhooksoil columns (Table 3). Likewise, there was no significant difference 

in the number of cells eluted between the experimental and control columns (Table 3 and 

Figure 2). Overall, the salicylate pulse appeared to have no significant effect on either 

RB13S3 elution or an increase in RB13S3 cell numbers in the Hayhook soil. 

In order to confirm that the both the quartz sand and Hayhook colunm systems were 

sterile and to examine salicylate sorption, duplicate sterile un-inoculated column experiments 

were performed. The results in Figure 6 verify that salicylate degradation and sorption were 

negligible for both soils under sterile conditions. In fiict, an average retardation coefiBcient 

of 1.04 and 0.8S was calculated for the sand and Hayhook soil columns, respectively. 

Furthermore, moment analysis of the breakthrough curves in Figure 6 indicated that 

approximately 99.9 % of the mass of salicylate that was introduced into both soil columns 

was recovered in the efiQuent. In addition, an average Peclet number of 180 was calculated 

for the sand columns, indicating ideally packed homogeneous columns. The Peclet number 

was a little lower for the Hayhook soil (44) columns verifying the more heterogenous nature 

of this particular soil. 

Indigenous Soil Columns. Lastly, we investigated the transport of heterogenous microbial 

populations through two different heterogenous porous media. A series of column studies 

were performed to investigate the bacterial elution of indigenous heterotrophic and 

salicylate-degrading microbial populations firom two different loamy sand soils, Hayhook and 

Vinton mixture. As expected, the cell elution response to the introduction of salicylate by the 

indigenous microbial populations was highly variable for both soils. ANOVA of the cell 
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elution and salicylate breakthrough data obtained for the three trials from each soil indicated 

that they were significantly different from one another in most cases (See Table 4). 

Additionally, if one looks at the ANOVA results for the salicylate breakthrough data (a better 

parameter to gage the reproducibility of the columns), trials became increasingly different 

from one another as the heterogeneity and complexity of the system increased. Particle size 

distribution (Table 1) and visual inspection of colony morphology from the two soils indicated 

that Vinton mixture soil is a more heterogenous soil than the Hayhook soil. There was some 

variation in pore size distribution that could have influenced bacterial transport through the 

two soils. The Vinton mixture has a larger proportion (11.7% vs. 6.5%) of pores less than 

1 ^m while both soils have a similar proportion of pores in the 1 to 10 ^m range. These two 

pore size ranges would be expected to have the greatest impact on bacterial transport because 

they are most likely to restrict cell movement. Although both soils had a similar initial number 

of cells (Hayhook averaged 2.1 x lOVg dry soil [total of 3.2 x lO'cells], Vinton mixture 

averaged 2.9 x lOVg dry soil [total of 3.5 x 10' cells]) and a similar total number of cells 

eluted (Hayhook averaged 3.06 x 10', Vinton mixture averaged 3.47 x 10'), there were at 

least 8> 10 morphologically different colonies in the Vinton mixture soil compared to only 4-6 

different colony morphologies for the Hayhook soil for initial samples plated on the salicylate 

agar medium. In addition, BATH assays of the both the initial and final salicylate-degrading 

populations from both soils identified significant differences in cell sur&ce properties between 

these two populations. The difference in cell surface properties is evident in Figure 7 when 

the initial OD^ is plotted against the percent decrease in absorbance after exposing the two 

salicylate-degrading populations to hexadecane. 
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Because of the considerable variability observed between trials, we have decide to 

report trends by comparing the number of cdls ehited and the cell mass balance between the 

controls and experimental columns which were run simultaneously on the same day (Tables 

5 and 6). While most colunms showed an increase in the elution of hetertrophs, the increase 

was never as pronounced as that observed for the sand columns. Figures 8 and 9 are 

examples of the indigenous cell elution and salicylate breakthrough curves obtained for all 

three experimental trials conducted with the Hayhook soil. The cell elution and 

corresponding salicylate breakthrough curves obtained for the three trials conducted with the 

Vinton mixture soil are also shown (FigureslO and 11). 

For the Hayhook soil, significantly more heterotrophic bacteria were eluted from 

columns receiving a salicylate pulse than from those that did not for all three experimental 

trials (Figure 8 and Table 5). In contrast, salicylate^degraders were retained in these columns, 

i.e., there were significantly fewer salicylate-degraders eluted from the salicylate pulsed 

columns than from the controls for all three trials (Figure 9 and Table 5). Salicylate 

degradation (58 to 82%) occurred in all Hayhook columns (Figure 8 and 9, solid line). There 

was a significant increase in the number of heterotrophs measured in two out of three of the 

pulsed Hayhook columns in comparison to the controls (Table S). For the third column, the 

increase was significant at the 68% confidence level. It should be pointed out that an increase 

in cell numbers was observed in all three control columns as well (Figure 3). Interestingly, 

this was not the case for the salicylate-degrading population, wherein the increase in cell 

numbers was not significantly different than that observed in the controls. The average cell 

distribution data obtained after running the colunms for the Hayhook soil is presented in 
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Figure 3. The distribution gradient decreased lengthwise from top to bottom, espedalfy for 

the heterotrophic (H) microbial population regardless if columns received salicylate 

(experimental columns) or not (control columns). Ifowever, the distribution gradient was not 

as pronounced for the salicylate^egrading (SD) population in this particular soil. 

For the Vinton mixture soil columns, there was an increase in both heterotrophs and 

salicylate-degraders eluted in two of the three triab figures 10 and 11, Table 6; Trials 2 and 

3) receiving a salicylate pulse. For the third trial (Table 6; Trial 1) there was a decrease in 

heterotrophs (Figure 10; Trial 1) and salicylate-degraders (Figure 11; Trial 1) eluted. 

Salicylate degradation ranged between 58 and 72% for the three trials. There was a slight 

increase in the number of heterotrophic and salicylate-degrading microbial cells in columns 

receiving salic^te compared to the control (Table 6 and Figure 3). However, there was no 

significant difference in the final distribution of heterotrophic cells between the experimental 

and the control (Figure 3). On the other hand more salicylate-degrading cells were found at 

the influent end compared to the bottom or efiQuent end of these columns after the 

experiment. This was the case regardless if columns received salicylate or not (Figure 3). 

DISCUSSION 

The purpose of this study was to test the hypothesis that a carbon source (salicylate) would 

stimulate microbial transport through porous media and to investigate the microbial transport 

behavior in systems with increasing heterogeneity. In addition, we compared the transport or 

elution behavior of inoculated microorganisms, which have a substantial database, to that of 

indigenous microbial populations, about which little information is available. Salicylate was 
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chosen as a model carbon source because it is a common intermediate in the biodegradation 

pathway of petroleum groundwater pollutants but is more water-soluble than its pollutant 

predecessors, naphthalene and benzene for example. 

Inoculated Columns. For ideal, homogenous columns (inoculated quartz sand columns), a 

salicylate pulse resulted in an increase in cell numbers and elution of RBI353 that 

corresponded well with the mass loading of salicylate as has been observed previously in the 

literature (5, 13,44). But for the finer textured, more heterogenous Hayhook soil, there was 

no increase in cell numbers or elution response to the salicylate pulse. Differences in cell 

elution were observed even before the substrate pulse was applied, with the Hayhook soil 

retaining 97 ± 1% of the inoculated cells whereas 35 ± 58% of the cells were retained in the 

sand columns. There are two major factors that may have caused this increased retention of 

RE 1353 in the more complex Hayhook soil, namely physical straining and adsorption. One 

major factor controlling the rate of microbial penetration and movement through saturated 

soil has been found to be due to pore throat size exclusion. Many studies report that the 

average cell diameter must be no more than 5% of the average pore throat diameter to allow 

for adequate passage (29,41,43, 50). Pore size distribution analysis (Table 1) indicated that 

the Hayhook soil contains significantly more small pores (22.6% are 10 mm or smaller) than 

the sand (only 0.38 % are 10 mm or smaller). Therefore, it is highly likely that the movement 

of RB1353 was restricted by physical straining in the Hayhook soil in comparison to the sand. 

In addition, other studies report findings that bacterial sorption and retention increase 

significantly in soils high in clay content and organic matter (16,31). Compared to the sand, 
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which has a negligible clay and organic matter content, the Hayhook soil contains 10% clay 

and 0.1% organic matter. Additionally, results from a batch adsorption study show that more 

RB13S3 cells sorbed to the Hayhook soil (7S%) than to the sand (40%). Thus, it is very 

likely that both increased physical straining and sorption was responsible for the increased 

retention of RB13S3 ceUs in Hayhook soil. 

It is also possible that irreversible sorption of RB 1353 was occurring in the Hayhook 

soil, not only influencing RB1353 cell elution behavior but also the low cell mass balance 

obtained for RB 1353 in columns pulsed with salicylate. This is unlikely because recovery of 

cells inoculated into control columns (which did not receive a growth pulse) was good. As 

a further check, some cell extractions were performed in Na-hexametaphosphate-Zwittergen 

cell extracting solution instead of saline. No difference in cell counts was observed 

suggesting that irreversible sorption of RBI 3 S3 to the Hayhook soil was unlikely. 

The increased retention of cells by the Hayhook soil may also explain why no 

appreciable increase in cell numbers was observed in columns receiving salicylate. 

Theoretically, 2 x 10' cells should be produced from the degradation of the 8 mg salicylate 

pulse (estimated using a cell yield of 0.26 g RBI353 cells produced/g substrate consumed 

which was determined experimentally in batch culture). In fact, results from the ideal sand 

column system agree with this yield estimate. However, the average cell yield in the Hayhook 

columns (0.07 g/g) was significantly less. Interestingly, we have observed similar low yields 

when sand columns were inoculated to a greater initial cell density (2x10* CFU/g dry soil 

[total of 2.6 X 10'°]) than that used in this study (data not shown). These results suggest that 

if a sufiBciently high number of degrading cells is present initially either 1) the growth that 
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occurs may be difiBcult to measure in relation to the initial number of cells or, 2) the amount 

of substrate consumed/cell may not be enough to result in cell division but may instead be 

used for cell maintenance. Another potential explanation is that the death rate ofRB13S3 in 

the Hayhook soil may have been close to the growth rate. In this case, even if growth 

occurred, it would not be measurable. Additionally, cell mass balances were obtained by 

CFU enumeration on LBK agar medium. It may have been the case that an increase in cell 

numbers was not detected due to a loss in RB1353 culturability caused by the stress of 

inoculating the organism into the Hayhook soil. Sample analysis using Molecular 

LIVE/DEAD* probes may have helped to substantiate or dismiss this as a cause but because 

we did not anticipate a loss in cell culturability, we were unable to account for this 

phenomenon, if indeed it occurred, by the plate count method employed in this study. 

Indigenous Columns. The indigenous Vinton mixture and Hayhook column experiments 

represent a heterogeneous condition with respect to both the porous medium and the 

microbial populations under investigation. Significam differences in cell elution behavior were 

not really anticipated despite dififerences in the pore size distribution and organic matter 

content between the two soils. In fact, the elution response of the heterotrophic populations 

for the two soils was not dififerent. However, there was a significant difiference in the elution 

behavior of the salicylate-degrading populations in the two soils. The Hayhook soil 

preferentially retained salicylate-degraders while the Vinton mixture salicylate-degraders were 

eluted in a manner similar to the heterotrophic population. The observation that a salicylate 

pulse causes enhanced retention of salicylate-degraders in the Hayhook columns is in 
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contradiction with both the literature and theory (13, 18, 40, 44, 49). For example, Shaw 

and Bums (44), while investigating the transport of indigenous 2,4-D-degraders through 

porous media under growth conditions saw enhanced microbial eiution of cells from columns 

pulsed with 2,4-D. However, they reported a residence time of 28 days compared to 80 min 

for the experiments described herein. This increased residence time would have allowed more 

opportunity for growth to occur, whereas no appreciable increase in cell numbers was 

detected for either soil tested in this study. Based upon previous work, most bacterial 

transport models including microbial growth and substrate consumption predict enhanced 

transport of microorganisms through porous media. The &ct that the transport of the 

Hayhook salicylate-degrading population was constrained suggests that such models should 

be modified to account for possible differences in cell behavior. 

We believe that the diflferent behavior of the salicylate-degrading populations in these 

two soils is due to inherent differences in the properties of these microorganisms. This is 

supported by the results obtained by the BATH assay showing significant differences in cell 

surface properties between the two salicylate-degrading microbial populations. Likewise, 

Weiss et al (S4) saw clear differences in the penetration rates of different microorganisms 

through sand columns under no-growth conditions. There is also evidence that documents 

cell-specific differences in bacterial transport and adhesion to surfaces under growth 

conditions. For example. Van Schie and Fletcher (S1) examined baaerial adhesion to glass 

surfaces for four different anaerobic bacterial species in the exponential phase. Results 

showed that some species had a greater propensity than others to adhere to glass when in 

exponential growth phase. Additionally, there are a number of other biological factors known 
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to influence the propensity of an individual cell to migrate through porous media under 

growth conditions. These include chemotaxis, motility, the production of exopolymers, as 

well as physiological state. Unfortunately, characterization of these differences between the 

two indigenous salicylate-degrading populations in the Hayhook and Vinton mixture soil was 

beyond the scope of this study. 

In conclusion, while the elution response of RBI353 from the inoculated sand 

columns supported our hypothesis, as system heterogeneity increased, so did the variability 

in results. Thus, RB1353 cell elution was considerably more variable in the Hayhook soil than 

in the sand, and when indigenous microbial populations were investigated in natural soils the 

differences between the experimental trials became even larger. Despite this variability, the 

findings in this study verify that a substrate pulse can significantly influence microbial 

transport through porous media. Specifically, the salicylate pulse influenced the transport of 

both the inoculated and indigenous microorganisms, but did not always result in either a 

measurable growth or elution response. Like other studies, the findings reported here also 

indicate that microbial transport may differ significantly depending on soil type. Assuming 

that the salicylate pulse promoted microbial growth in all cases, albeit not measurable at 

times, the results presented here suggest that growth did not always result in enhanced 

transport through the porous medium, as is often predicted by transport models incorporating 

growth parameters. It is not surprising then that these models are not always successful in 

accurately prediaing microbial transport behavior in more complex systems (2, 3, 13,18,36, 

40). Obviously, the mechanisms controlling microbial transport behavior under growth 

conditions have not been fijlly identified and the means by which we study this behavior in 
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more complex systems require fiirther investigation. This may have many implications for the 

application of in-situ and ex-situ bioremediation strategies. We believe that differences in 

individual cell properties play a larger role than originally postulated in transport theory and 

should be taken into account when trying to predia microbial transport through porous 

media. 
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Table 1. Pore size distribution for the three different porous media'. 

Sand Hayhook Vinton Mixture 
Pore Radius •/o •/o % 

< 1 Jim 0.025 6.51 11.70 
1-10 nm 0.35 16.05 17.68 
10-60 jxm 17.13 30.93 49.79 
> 60 ^m 82.5 46.51 20.83 

' For each soil, the table lists the % of pores in each pore size range. 
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Table 2. The difference in the number of RB 13S3 cells eluted during the pulse and the cell 
mass balance calculated for inoculated sand columns. 

Cells eluted during pulse' Cell mass balance^ Salicylate degraded 
Trial A (significance)^ A (significance)^ (%) 

1 1.1x10' (+) 0.60 (+) 80 
2 1.5 X IC (+) 3.70 (+) 90 

-A represents the difference between the number of cells eluted from experimental 
columns and the number of cells eluted from the control columns during the salicylate 
pulse. 

-An increase in cell numbers or a cell mass balance was calculated using the formula: 
(final cell counts number of cells eluted) - initial cell counts 

initial cell counts 
-A represents the difference between the increase obtained for the experimental 
column and the increase obtained for the control column. 

-Significance was determined by calculating 95% confidence intervals for the 
experimental and control columns and comparing them to one another. (+) indicates 
that the 95% confidence intervals did not overlap and significantly more cells were 
eluted from the experimental columns. (-) indicates that significantly more cells were 
eluted from the control columns. (0) indicates that the confidence intervals 
overlapped and that there was no significant difference between experimental and 
control columns. 
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Table 3. The difference in the number of RB13S3 cells eluted and the cell balance for 
inoculated Ha^ook soil colunms. 

Trial 
Cells eluted during pulse' 

A (significance)' 
Cell mass balance^ 

A (significance)' 
Salicylate degraded 

(•/.) 

1 -4.9 X 10* (0) 0.51 (0) 91% 
2 2.7 X 10* {•*-) 0.34 (0) 93% 
3 2.7 X 10' (0) 0.36 (0) 90% 
4 -2.7 X 10' (-) -0.27 (0) 89% 

Sec footnotes for Table 2. 



Table 4. ANOVA results testing trials as a fiictor. Data presented are P-values on salicylate 
brealcthrough and indigenous cell elution data collected for the Hayhook and \^on mixture 
soil (n =3). 

Sou Salic^e Breakthrough 
Cell Elution 

Heterotrophs Salicylate-Degraders 

Hayhook 0.003 0.126 0.004 

Hayhook (C) 0.017 0.001 

Vinton mixture (E) 0.0002 0.010 0.412 

Vinton mixture (C) 0.082 0.045 
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Table 5. The difiference in the number of indigenous cells eluted during the pulse and the cell 
tnass^alanceforHa^iook_soiljcolunins^_____^^^___^__^^^_^^^^^_^^___^^ 

Trial 
Cells eluted during pulse' 

A (significance) 
Cell mass balance^ 

A (significance)^ 
Salicylate degraded 

(%) 

Heterotrophs Heterotrophs 

1 5.8 X 10^ (+) 1.63 (+) 64% 

2 9.7 X 10' (+) 0.20 (0) 58% 

3 1.6x 10« (+) 3.13 (+) 82% 

Salicylate-degraders Salicylate-degraders 

1 -1.2 x 10' (-) 0.09 (0) 

2 1.7 X 10' (-) -11.3 (-) 

3 1.7 X 10* (-) 1.78 (+) 

See footnotes for Table 2. 
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Table 6. The difference in the number of indigenous cells eluted during the salicylate pulse 
and the cell mass balance for Vmton mixture soil columns. 

Trial 
Cells eluted during pulse* 

A (significance)^ 
Cell mass balance^ 

A (significance)^ 
Salicylate degraded 

(%) 

Heterotrophs Heterotrophs 

1 -6.3 X 10* (-) -1.37 (0) 72% 

2 8.7 X 10' (+) 0.32 (0) 72% 

3 5.9 X 10' (+) -1.65 (-) 58% 

Salicylate-degraders Salicylate-degraders 

1 -6.9 X 10® (-) 1.90 (0) 

2 9.4 X 10' (+) -3.10 (0) 

3 1.0 X 10' (+) -2.10 (-) 

See footnotes for Table 2. 
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Figure 2. The average number of RB1353 cells in inoculated quartz sand and Hayhook 
loamy sand columns from three different locations (top or influent end, middle, and bottom 
or effluent end) after ca. 30 pore volumes (PV) of flushing. Experimental columns received 
a 15 PV continuous pulse of 20 mg!L salicylate after an initial 15 PV flush with MSB. 
Control columns received roughly 30 pore volumes ofMSB only. The initial number of cells 
was assumed to be uniform throughout the columns before beginning the experiments and 
based on 3 initial samples prior to packing the columns. 
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Figure 3. The average number of indigenous cells/g dry soil, heterotrophic (H) and 
salicylate-degraders (SD) distributed throughout the Hayhook loamy sand and Vinton/Mt. 
Lemmon mixture soil columns. Samples were taken from three different locations (top or 
influent end, middle, and bottom or effiuent end) after ca. 30 pore volumes (PV) of flushing. 
Experimental (E) columns received ca.l5 PV continuous pulse of20 mg/L salicylate after an 
initial15 PV flush with MSB. Control (C) columns received roughly 30 pore volumes of 
MSB only. The initial number of cells was assumed to be uniform throughout the columns 
prior to flushing and based on 3 initial samples taken prior to packing the columns. 
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Abstract 

While microbial growth is well-understood in pure culture systems, less is known about 

growth in intact soil systems. The objective of this work was to develop a technique to allow 

visualization of the two-dimensional spatial distribution ofbacterial growth on a homogenous 

soil sur&ce. This technique is a two-step process wherein an agar lift is taken and analyzed 

using a universal gene probe. An agar lift is comprised of a thin layer of soil that is removed 

from a soil surface using an agar slab. The agar is incubated to allow for microbial growth, 

after which, colonies are transferred to a membrane for conventional bacterial colony 

DNA/DNA hybridization analysis. In this study, a eubacterial specific probe was used to 

demonstrate that growing bacterial populations on soil surfaces could be visualized. Results 

show that microbial growth and distribution was nonuniform across the soil surface. Spot 

supplementation of the soil with benzoate or glucose resulted in a localized microbial growth 

response. Since only growing colonies are detected, this technique should facilitate a greater 

understanding of the microbial distribution and their response to substrate addition in more 

heterogenous soil systems. 

keywords: bacterial growth, colony hybridization, microbial spatial distribution, soil surfaces. 
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1. Introduction 

New approaches that allow for analysis of microorganisms on soil surfaces, their 

relative distribution, and activities in the environment are needed to gain a better 

understanding of ecological interactions and faaors responsible for controlling microbial 

activities such as nitrogen fixation and the degradation of hazardous waste materials. In 

natural environments, a significant proportion of all microorganisms are associated with 

surfaces in complex multispecies communities. It is thought that the stationary microbial 

communities residing on these surfaces are primarily responsible for the degradation of 

xenobiotics and ammonium production for plant nitrogen uptake in both soil and aquatic 

systems. The environment on surfaces and in biofilms can differ considerably fi'om that in 

suspension. Despite this, most of our knowledge of microbial physiology, distribution and 

ecology has been obtained from samples of suspended microorganisms. 

Often, the relative distribution, growth and activity of microorganisms are determined 

by destructive sampling of natural systems. Traditionally, the relative microbial distribution, 

diversity and growth in a given environment has been assessed by plate counts or most 

probable number on heterotrophic and/or nutrient specific media. We employed such plate 

counts as a method to evaluate the performance of our method. Another common approach 

has been to remove a representative sample and identify or characterize the bacteria within 

the sample via analysis of genetic material (e.g. PCR or DNA/DNA hybridization) or 

biochemical assay [ 1 -7]. Recent developments have allowed researchers to develop numerous 

tagged probes to identify, quantify and detect different organisms and microbial activity in 

complex mixtures [1-4, 8-14]. Representative or destructive sampling may not, however. 
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accurately reflect in situ microbial interactions, activities, and distribution. 

Direct microscopic observation is a more extensive and less intrusive approach 

commonly used in the investigation of microbial in-situ spatial distribution, structure, and 

fimction of complex microbial communities on sur&ces [9-15], Most of these studies employ 

a combination of microscopy (e.g. confocal laser scanning microscopy, CLSM) and 

fluorescent tagging procedures. Specifically, these techniques have been used to observe and 

quantify biofilms on sur&ces. [9,12 & 14]. The spatial distribution and activity of organisms 

within biofilms generally represents a micro-scale view of homogenous, relatively flat 

surfaces. The study of the in-situ spatial distribution of microorganisms in heterogenous 

systems such as soil or sediment, presents more of a challenge. Most microscopic 

investigations of microbial distribution on soil and sediment surfaces usually involves 

examination of individual particle sur&ces or aggregates never entire soil sur&ces [10, IS]. 

The goal of this study was to develop a method to aid in the visualization of the spatial 

distribution of microorganisms on a macroscopic rather than a microscopic scale (i.e. that 

observed for biofilm development). Specifically, a method was developed to examine 

microbial growth and distribution on homogenous, contoured soil surfaces in response to an 

^piied carbon source. Briefly, thin layers of soil from constructed microcosms were lifted 

using agar slabs and allowed to incubate. Colonies on the agar slabs were transferred to nylon 

membranes and subjected to colony hybridization using a 16S rDNA radiolabeled probe 

specific to the doamxiEubacteria [8]. The bacterial distribution on different soil surfaces was 

visualized by autoradiography. 
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2. Materiak and Methods 

2.1 Soil microcosms. Soil microcosms were constructed using three different soil types, a 

Hayhook loamy sand, a 80:20 V^ton/Mt. Lemmon mixture soil and a Gila sandy loam. The 

specific properties of each soil are presented in Table 1. All soils were sieved (< 2 mm) then 

packed to the brim into sterile 2 cm diameter Petri dishes. Each soil was adjusted to a 

moisture content of approximatdy 20% by addition of either 500 mg/L filter sterilized sodium 

benzoate in saline (amended microcosms) or just 0.85% sterile saline (unamended 

microcosms). The soils were moistened by slowly dripping the sterile solution over the entire 

surface. The microcosms were capped, sealed with parafilm and allowed to incubate at 25''C 

for 48h. Negative controls to rule out the possibility of nonspecific binding of radiolabeled 

probe to soil minerals or organic matter were performed as foUws. Subsamples of each soil 

were sterilized by autoclaving for 20 min on three consecutive days. Sterilized soils were 

aseptically packed into sterile Petri dishes and moistened with sterile saline. 

2.2 Localized soil supplementation. In order to determine whether a localized and distinct 

microbial response to substrate amendment on a soil surface could be visualized, a point 

source application of a glucose solution was added to the center of Hayhook soil microcosms. 

The entire soil surface was moistened with sterile saline to achieve a desired water content 

of approximately 20%. Glucose was subsequently supplemented directly into the center of 

the dish using 50 to 250 ^1 of a 10% glucose/0.85% saline solution. In order to reduce the 

extent of lateral diffusion by glucose through the porous medium, thin circular barriers were 

constructed fi'om transparency plastic and placed in the center of the dish prior to packing and 
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moistening. These sofl microcosms were allowed to incubate at room temperature for 24,48 

and 144 h prior to conducting agar lifts. 

2.3 Agar liftŝ  An "agar lift" is a thin layer of soil that is lifted onto an agar slab. For this 

work, agar lifts were performed using the agar medium R^A (Becton Dickinson and Co. 

Cockeysville, MD). The agar was poured into a Petri dish and allowed to solidify. The agar 

was inverted over the soil surface and gently pressed down such that individual soil particles 

came in contact with and adhered to the agar. The dish was gently lifted from the soil sur&ce. 

Loose soil particles remaining on the agar medium were removed by gently tapping the outer 

side of the inverted Petri dish. The agar lifts were incubated agar-side up for time periods 

ranging from 0 to 24 h. This incubation period allowed for growth of bacteria, found on and 

around the soil particles, to a density high enough to be detected with the oligonucleotide 

probe. The next step was to perform a conventional colony lift on the agar slab and finally, 

the lifts were probed with a eubaaerial oligonucleotide probe. The methodology described 

herein is summarized in a simplified version in Figure 1. 

2.4 Colony lift and hybridization conditionŝ  As with conventional molecular colony 

hybridization methodology, bacterial colonies that grew on and around soil particles 

embedded into the agar slab were transferred onto positivdy charged nylon membranes (Hy 

bond-N+, Amersham International, Amersham, UK) [16]. The membranes were allowed to 

dry overnight before the DNA was immobilized by UV cross-linking. Any soil remaining on 

the membrane up to this stage in the procedure was gently brushed ofif with a soft bristle 
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brush, and the membranes were vigorously agitated in 2X SSC for approximately 3 mins at 

room temperature. This solution was poured off prior to DNA/DNA hybridization. 

Hybridization was performed using an 18-mer universal eubacterial 16S rDNA gene probe 

[8] previously end-labeled using [^]ATP and T4 polynucleotide kinase (Promega, Madison, 

WI) [17], Membranes were prehybridized at 42.S''C for 30 mins in Rapid-hyb buffer 

(Amersham International, Amersham, UK). Between 2.S and S ^Ci probe was allowed to 

hybridize overnight at the optimal hybridization temperature (42.S°C). A single rinse was 

performed with SX SSC/0.1%SDS at room temperature for 1S min to rinse off any unbound 

probe. Two stringency washes were perfonned at the hybridization temperature for 15 min 

with IX SSC/0.1%SDS. The membranes were exposed to x-ray film at -80 "C with an 

intensifying screen (FisherBiotechnologies, Pittsburgh, PA) for approximately 24 h depending 

on the specific activity of the probe. To test the reproducibility of the hybridization signal, 

all membranes were stripped of original probe and re-probed as described previously [17], 

2.5 Bacterial enumeration  ̂ The culturable indigenous microbial population in all soils was 

enumerated immediately after performing an agar lift. Duplicate 1 g samples were taken firom 

each soil and were serially diluted and plated on two media; RjA (Difco Labs, Detroit, MI) 

and benzoate medium [per liter: 10 g agar (Becton Dickinson and Co. Cockeysville, MD), 

3.27 g Bushnell Haas broth (Difco Labs, Detroit, MI), 250 mg filter-sterilized sodium 

benzoate]. Heterotrophic (RzA ) cell counts were performed after 24 h of incubation at room 

temperature, whereas benzoate degrader counts were performed after 2 weeks of incubation 

at room temperature. 
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2.6 Microbial growth and mineralization in the presence of glucose  ̂ Two additional 

experiments were performed to help validate probe results obtained from glucose-amended 

Hayhook soil microcosms. In the first, the change in colony forming units (CFU) gram oven 

dry soil as a function of time was determined following glucose amendment ofHaj^ook soil 

microcosms. Triplicate 1 g soil samples were taken every 24 h for 10 days, serially diluted 

in sterile saline, plated on RjA agar medium and enumerated after 24 h of incubation at room 

temperature. In the second, glucose mineralization was determined by quantitation of 

evolved during growth on uniformly labeled ['*C]-glucose (Sigma, St. Louis, MI) [18]. 

Briefly, triplicate 20 g of Hayhook soil were placed into 250 ml screw cap Erlenmeyer flasks 

designed for the collection of "COj. The flasks were amended with ['*C]- glucose-0. IN 

CaCl solutions to a final concentration of 10, 1, or 0.1 % glucose (O.OS ^Ci/flask). The 

moisture content was adjusted to approximately 20%. The flasks were periodically flushed 

through a series of traps to collect evolved "COj [18]. Radioactivity was quantified using a 

Packard (Meriden, CT) Tri-Carb liquid scintillation counter. 

3. Results and Discussion 

3. J Agar lift methodology. The primary objective of this work was to develop a method 

to allow visualization of the bacterial spatial distribution on soil surfaces. During the 

development of this method, it was observed that agar lifts required an incubation period to 

allow visualization of microbial distribution on the different soil surfaces. Figure 2 shows 

the effect of incubation time on soil lifts from two different soils, Hayhook (Figure 2 A) and 

the 80:20 mixture soil (Figure 2B). Each autoradiograph is of a soil microcosm sur&ce 
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roughly 2 cm in diameter. Soil microcosms were either unamended but moistened with saline 

(Figs. 2A and 2B, columns U) or amended over the entire sur&ce with a 500 mg/L benzoate 

solution (Figs. 2A and 2B, colunms A) and then incubated for 48 h. Agar lifts were taken and 

incubated for different intervals of time, namely 0 (data not shown), 6,12, 18 and 24 h. Agar 

lifts taken from unamended soils required 18 h ^ig. 2B, column U) to 24 h (Fig. 2A, column 

U) of incubation prior to colony lifts to clearly visualize the bacterial distribution on the soil 

surface. In contrast, agar lifts taken from soil microcosms amended with benzoate, required 

less incubation time, 6 h to 12 h (Figs. 2Aand 2B, columns A respectively). The requirement 

for growth prior to detection of bacterial colonies is most likely due to the limited sensitivity 

of the eubacterial 16S rDNA probe. The probe's sensitivity was predetermined, by dot blot 

analysis of lysed Pseudomonas cells, to be roughly 10^ cells or 8 ng purified genomic DNA 

(data not shown). Giovanonni et al. (1988) [8] report similar dau. Theoretically, one 

bacterial cell contains roughly 10 femtograms of DNA [19]. Using this value, 8 ng of DNA 

would correspond to approximately 10^ cells. Thus, for a 'microcolony' to be detectable, it 

must contain 10' cells. The results presented in Figure 2 clearly demonstrate that an 

incubation period is essential for allowing visualization of the microbial spatial distribution 

with the eubaaerial 16S rDNA probe. Since all soils contain differing numbers of 

microorganisms in different physiological states it then follows that the incubation time for 

agar lifts will vary and must be optimized for each soil tested. 

The autoradiographs shown in Figure 2 demonstrate that eubacterial colony 

distribution was not uniform over the entire surface of the soil. There were areas with intense 

signal suggesting that some soil particles or surfaces are more conducive to microbial 
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colonization and growth than others. Areas without any signal at all correspond to areas of 

the agar medium that did not come in contact with the soil sur&ce. This was due to 

unavoidable irregularities found on the soil surface. The results shown in Figure 2 also 

indicate that benzoate supplementation resulted in an overall increase in intensity of probe 

signal, suggesting that growth was occurring in the amended soils. In Fig. 2B at 18 h, 

however, the intensity in the probe signal from the amended soil sur&ce appears similar to 

that of the unamended 80:20 mixture soil. This was most likely due to an incomplete or 

inefficient transfer of colonies, resulting in a "smearing" of the probe signal from this 

particular agar lift. These results ^pear to corroborate traditional studies wherein soils 

amended with a cari>on source tend to have increased cell counts. 

3.2 Microbial response to supplementation. In order to verify the response to 

supplementation observed in Figure 2, soil microcosms of three different soil types were 

constructed. The microcosms were either left unamended, amended with SOO mg/L benzoate 

or constructed with sterile soils. All microcosms were adjusted to 20% moisture content and 

allowed to incubate for 48 h at room temperature prior to performing agar lifb. Agar lifts 

were incubated for 24 h. Figure 3 compares the eubacterial spatial distribution on the three 

different soil sur&ces. As mentioned, sterile controls were performed to determine whether 

nonspecific or cross-reactive binding of the I8-mer oligonucleotide to soil minerals or 

organic matter occurred during hybridization. As seen in Figure 3, row C, the probe did not 

appear to react significantly with any of the sterile soils tested. The slight probe signal 

observed in the Gila soil may have been due to contamination of the soil subsequent to 
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Sterilization or to aerosol contamination while performing the actual agar lift. These controls 

verified that DNA remaining fi'om dead cells in sterile soils did not significantly contribute to 

probe binding, and that the eubaaerial probe did not significantly bind to soil minerals or 

organic matter. 

The agar lift results fi'om the amended and unamended soil microcosms shown in 

Figure 3 were compared to heterotrophic and benzoate degrader counts taken fi'om the same 

microcosms (Table 2). For all three soils, the mean heterotrophic counts in unamended soil 

microcosms were similar ranging fi-om 5.4 x 10^ to 5.6 x 10^. The signal intensity observed 

in the autoradiographs were also similar for the unamended microcosms ^ig. 3, row B). 

However, for soil microcosms amended with benzoate, the results were more complex (Fig. 

3, row A). A sli^ decrease in the mean heterotrophic counts was observed for the Hayhook 

amended microcosm while an increase was observed for both the Gila and 80:20 mixture 

soils. Agar lift results showed a definite increase in probe signal intensity for both the 

Hayhook and mixture soils, but only a slight increase in signal intensity was observed for the 

Gila soil. Clearly, there was little agreement between agar lift probing results and 

heterotrophic plate counts. In contrast, a more pronounced relationship was observed when 

comparing agar lift results to benzoate-degrader cell counts. For example, the benzoate-

amended Hayhook and 80:20 mixture soil microcosms, had greater signal intensity than the 

benzoate-amended Gila soil microcosm (Fig. 3, row A). This was reflected in a one log 

increase in benzoate degrader counts in amended over unamended soils for both the Hayhook 

and mixture soils (see Table 2). On the other hand, the bacterial enumeration of benzoate-

degraders in the amended Gila soil showed only a 2-fbld increase over the unamended 
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microcosm. These results suggest that the technique developed herein is capable of detecting 

differences in specific microbial activity and growth on different soil surfaces in response to 

substrate amendment. 

3.3 Localized microbial response to glucose supplementatitm. An experiment was performed 

to demonstrate that the technique allows visualization of a localized microbial response to 

any substrate amendment. Hayhook soil microcosms were amended directly in the center 

with a 10% glucose solution. Figure 4 compares the effect of glucose supplementation on 

the microbial response following a 6 day (Fig. 4A) and 24 h (Fig. 4B) soil microcosm 

incubation period. Agar lifts were only allowed to incubate for the predetermined 24 h prior 

to colony hybridization and autoradiography. No distinguishable increase in probe signal was 

observed in the vicinity of supplementation for soil microcosms incubated for 24 h (Fig. 4B) 

or 48 h (data not shown). However, there was a clear increase in hybridization signal in the 

vicinity of supplementation from microcosms incubated for 6 days (Fig 4A). It was even 

possible to observe a qualitative increase in signal from the microcosms that were amended 

with higher concentrations of glucose (compare Fig. 4A, from left to right). 

Although a similar lag period has been observed for soil microorganisms (6 days) in 

response to glucose supplementation, [20], two further experiments were performed to 

confirm this lag in Hayhook soil. In the first experiment, cells were enumerated following 

supplementation with 0.1%, 1% and 10% glucose and in the second, mineralization was 

determined by quantitation of'^COj evolved. As shown in Figure S A, maximum cell counts 

occurred on approximately day 6 (144 h) which was at the same time that glucose 
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mineralization reached a plateau (Fig. SB) for all glucose concentrations tested. Likewise, 

relativdy little growth or glucose metabolism occurred at either 24 or 48 h. These data help 

illustrate that the agar lift methodology detects actively metabolizing cells on soil sur&ces. 

4. Conclusions 

The agar lift technique offers several advantages in comparison with traditional 

approaches to visualization of microbial spatial distribution on soil sur&ces. In comparison 

to microscopic methods, it allows a larger sample size and sample area to be viewed at one 

time and allows visualization of the relative distribution of culturable soil microorganisms on 

a macroscopic scale. Another advantage of the agar lift technique is that it is a relatively 

straight forward, and simple procedure. As long as the soil does not require prolonged 

incubation or acclimation periods, probing results may be obtained in less than two days. In 

comparison to destiuaive sampling techniques for enumeration or nucleic acid 

characterization, the agar lift method only removes a fine layer of soil from the sur&ce being 

sampled. Thus, the surface can be sampled repeatedly to allow a temporal evaluation of 

distribution and activity. It should also be noted that while the method developed herein was 

employed on model soil surfaces (i.e. soils were sieved and repacked into microcosms) its use 

could easily be extended to undisturbed soil surfaces. Further, the technique could be used 

on any surface for which a macroscopic visualization of microbial distribution is desired 

including household sur&ces, pipeline surfiices, or leaf surfaces to name a few. 

As with any other method, there are some inherent limitations to the agar lift 

technique. This technique does not detect all cells on the soil surface due to the necessity for 

enrichment of the bacteria on an agar medium. Since many cells are non-culturable, they will 
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not contribute to the probe signal. Limitations may also occur during both transfer steps of 

the procedure. First, it is difiBcult to unifonnly lift the soil onto the agar medium especially 

if the sur&ce of the soil is not perfectly level. Second, there may be an inefficient transfer 

of colonies fi'om the agar sufftce to the nylon membrane which can result in a muted or blurry 

signal. Finally, all soil lifted onto the membrane nnist be carefully brushed and rinsed off the 

membrane prior to probing. Any soil left on the membrane may significantly skew the results. 

A more intense signal, for example, was observed for unwashed membranes when compared 

to washed membranes (data not shown). Unlike the CLSM and fluorescent probing images 

[12], the agar lift technique does not provide a three-dimensional image of microorganisms 

on a soil sur&ce. The resuhs are simply 2-D imprints of the culturable microorganisms found 

on soil surfaces. Once a lift has been performed on a particular sur&ce, some soil particles 

are removed such that results from a second lift, taken from the same surface, may differ 

significantly from the first. 

This methodology may serve as a useful research tool for determining microbial 

growth and distribution patterns in soil and other heterogeneous systems. The technique may 

be especially useful for determining microbial gro^vth response to substrate flow in 

heterogenous systems. Even though the technique requires a cultivation step, it still allows 

for easy application of a large variety of culture medium and conditions (ie. single-carbon 

source media and anaerobic incubation). Future work should address the effect soil 

properties have on oligonucleotide hybridization and the ^plication of genera-specific or 

microbial activity-specific probes to aid in predicting the biodegradation potential of 

contaminants in subsurfiice porous medium. Densitometry and image analysis techniques 



could also be used to make the method more quantitative. 
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SoU Texture %sand %silt %clay '••/.TOC pH *^CEC 

Hayhook loamy sand 86 4 10 0.1 7.5 7 

80:20 
Mixture 

loamy sand 85 9 5 0.8 8 5 

Gila sandy loam 65 28 12 0.2 ND 15 

•a. 

•b. 

ND 

Total Organic Carbon as determined by the Soil, Water, Plant 
Analysis Lab (SWPAL), University of Arizona, Tucson. 
-Cation Exchange Capacity in milliequiv. lOOg soil as determined 
by SWPAL, University of Arizona, Tucson. 
-not determined 
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Table 2. Viable and benzoate degrading bacterial cell counts for duplicate 
unamended and amended microcosm soil samples. 

Soil/supplementation 24h Viable cell counts 
(CFU/g dry soil) 

Benzoate degrading cell counts 
(CFU/g dry soil) 

Hayhook 

Unamended 
Amended* 

5.4 X 10* 
3.4 X 10' 

3.7 X 10^ 
3.8 X 10^ 

80:20 Mixture 

Unamended 
Amended 

5.6 X 10' 
1.8X10' 

2.8 X 10^ 
3 .4 X 10' 

Gila 

Unamended 
Amended 

2.1 X 10' 
3 .9 X 10' 

l .l X 10' 
2.8 X 10' 

* all soil microcosms were amended over the entire surface with a SOO 
mg/L benzoate solution. 
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Figure·l. The step-wise procedure for performing an agar lift/colony hybridization on a soil surface. 
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Figure 2. An autoradiograph depicting the effects of increasing agar lift incubation time (6-24 h) prior to colony hybridization 
1\.llayhook agar lifts, B. 80:20 mixture agar lifts; (U) unamended soils (A) soils amended with 500ppm sodium benzoate. All 
microcosms were incubated for 48 h at room temperature prior to agar lift. 
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Figure 3. An autoradiograph comparing eubacterial distribution in three sterile, unamended and benzoate amended soils. 
Agar lifts were incubated for 24 h prior to colony hybridization. A. microcosms were amended with 500 mg/L benzoate and 
incubated for 48 h prior to agar lifts. B. microcosms of unamended soils moistened with sterile saline and incubated for 48 h 
prior to agar lifts. C. microcosms were made with soils that were sterilized by autoclaving three consecutive days, 
moistened with sterile saline and incubated for 48 h prior to agar lifts. ....... 
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Figure 4. Microbial response to a point source application of glucose after A. six day (144 h) soil microcosm or B. one day 
(24 h) soil microcosm incubation period prior to performing an agar lift. A 10% glucose-saline solution was applied to the 
center of each microcosm to deliver a total mass of glucose equal to 0.005g, O.Olg, and 0.025g (from left to right). Hay hook 
soil was used for this experiment. 
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Figure 5. Culturable cell counts on (A) and mineralization of (B) 0.1,1.0 and 10% glucose by the indigenous Hayhook soil 
microbial population. Both experiments were performed in triplicate. Error bars represent the standard deviation from the mean. 
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