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Executive Summary

Attachment and Early Biofilm Development
of

Methane Forming Anaercobic Micrcoblal Cultures

One of the disadvantages of anaercbic methane-forming bicfilm reactors
is their long start-up time. Improvement and optimization of initial
bacterial attachment and biofilm development wculd help to further implement
the use of anaerobic wastewater treatment processes. The purpcse of this
study, which was ccnducted from 1983-1986, was to obtain basic information
on bactef‘ial attachment and bicfilm develcpment for methane-feorming
anaercbic mixed cultures.

An anaercbic attachment vessel was designed, constructed, and used to
quantify and visualize the initial attachment of chemcstat grown anaercbic
bacteria and the development of anaeccblc bicfilma, Bacteria from methane-
forming anaerobic chemcstat cultures attached rapidly to washed/autcelaved
glass slides in the attachment vessel. Within cne to three hcours, the
number cof irreversibly attached bacteria increased by approximately twc
orders of magnitude from O bacteria per 10,000 square micr'ometer'é to 100 tc¢
250 bacteria per 10,000 square micrometers. Only a slow increase in the
number of irreversibly attached cells was measured af'ter' the initial rapid
increase, The counts of total bacteria after one week of inoculation were in
a range of 250 to U450 bacteria per 10,000 square micrometers, No
statistically significant difference was noted in the pattern of attachment

of the eight day sclids retention time culture and a twenty day solids

retention time culture,
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Two mathematical mcdels were developed to describe early attachment and

growth., Each model contained three coefficients. One ccefficient
represented the maximum number of bacterial cells that could initially
attach tc the surface, One ccefficient was a rate coefficient describing
the initial rate of attachment. One ccefficient described the specific
growth rate of the bacteria after they had attached to the surface.

A significant fraction of the bacteria ccunted on the washed/autoclaved
3lides were methanogens., The counts of methanogenic bacteria, which were
counted by epiflucrescent micrcscopy, fcllowed a similar pattern cof
attachment over time when compared to the counts of total bacteria cover
time. The counts of methancgenic bacteria were generally 25% to 75% as high
as the counts of tctal bacteria, This is a conservative estimate since one
type of acetate utilizing methanogen is not readily observed to fluoresced.

Autcclaving as a final step in the wash procedure had a statistiecally
significant effect on attachment. The ccunts of irreversibly attached
bacteria on washed/unautoclaved slides over time were one half to one and
one half orders of magnitude lower than the corresponding ccunts for
washed/autoclaved slides.

Scanning electron microscopy shcwed scme cells pcassess conspicucus
appendages or extracellular fibers which appear t¢ be used for attachment
while other cells do not have such conspicuous structures. At long
incculation times, more extensive development of extracellular t‘iper’s Wwas
scmetimes observed and mcre amorphous extracellular material was prasent.
At short and long incculation times, cells were attached as individuals and
in clumps. The clumps were covered and/cr interspersed with the amorphous,
extracellular, gluelike material., Some clumps and individual cells also
appear to have a ring around them. It was speculated this ring is either

from the secretion of extracellular polymers or enzymes.
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CHAPTER I. INTRODUCTION

In recent years, there has been a renewed interest in the use of
methane generating anaercobic fermentaticn processes tc degrade organice
wastes., In 1964, McCarty (25) summarized the advantages and disadvantages
of methane generating anaercbic waste treatment with micrcorganisms as
compared tc aercbic treatment wWith micrcorganisms. At the time of McCarty's
paper, methane generating anaerobic waste treatment systems were based on
the suspended growth of bacteria. The advantages he listed were as [ollows:

1} a high degree of waste stabilizaticn is possible,

2) low microbial yields result in low producticn of sludge,

3} low nutrient requirements,

4) no oxygen requirement, and

5) methane gas production from degraded organic matter,

The disadvantages he discussed were:

1) optimum process temperature requires heating the waste,

2} pocr prccess stability due to slow growth rates,

3} lack of knowledge about nutritional requirements,

4) difficulty in treating low strength wastes, and

5) 1long start-up times.

Since the mid 1960's, several new designs for the methane generating
anaercbic fermentaticn process, based on the used of fixed microbial films
(or biofilms) have been developed. Scme of the most significant new designs
include the anaercbic filter, the anaeroblc upflow sludge blanket reactor,
the anaerocbic attached film expanded bed reactor, and the anaercbic baffled

reactor, A complete description of these new designs may be found elsewhere



(Speece {39) and Switzenbaum (U41)). Alsc since the mid-1960's, there has
been a substantial increase in the knowledge about the nutritional
requirements and basic micrcbiolegy of methane generating anaerobic
cultures,

There are three important advantages of the anaercbic biofi%m reactors
when they are compared tc suspended growth systems.

1) They achlieve substantial substrate removal with much shorter

hydraulic detention times than suspended growth systems,

2) They are more stable to shock lcads and toxic substances than

complete mix systems.

3) Some cperate effectively at less than cptimum temperatures and

their performance is less effected by changes in temperature.

The advantages of methane generating anaercbic blcfilm reactors listed
above, ccupled with the new basic knowledge on nutrition and micrcbiolegy,
have addressed many of the disadvantages listed by McCarty (25). One new
advantage, discovered in recent wcrk, is that methanogenic anaerobic
cultures are capable of degrading aromatic compcunds {20) and halogenated
aliphatic compounds (3,4). The former group was previously considered
nonbiodégradable anaerchically (27). The latter group is generally beliéved
tc be refractory under aerobic conditicns (27). The long start-up time and
difficulty In treating low strength wastes remain as persistent problems,

The goal of this project was to obtain basic knowledge about attachment.
cf methane forming mlcroblal cultures and early bicfilm development. Such
information is important in understanding bicfilm development and thus

reducing start-up time. 1In particular, this study eccnducted from 1983-1986,



examined the influence of three parameters on bacterial attachment and early
biofilm development of methane forming mierobial cultures. They are:
1. growth rate of the culture of mlcroorganisms,

¢cleaning preparation of the glass surface used for attachment, and

3. 1inoculation time - the amount of time bacteria were exposed to the
attachement surface, '



CHAPTER T1. BACKGROUND

A, Methanogenesis From Complex Organic Substrates

Before considering the attachment of bacteria to surfaces, it is
necessary to review how microorganisms convert complex organic molecules to
methane and carbon dicxide. There are five groups cof crganisms involved in
methanogenesis (Figure 1). A consortium of micrcorganisms from these five
groups (numbers are shown in Figure 1) are necessary to bring abocut
methancgenesis from complex organic compounds, Group 1 represents a wide
range of fermentative bacteria that take complex organic pclymers, convert
them tC monomers and oligomers, and convert monomers and oligomers to Hg,
COE, acetate, and longer chain fatty acida. Group 2 are the hydrecgen
producing acetogenic bacteria. These bacteria convert fatty acids, longer
than acetate, to acetate, carbon dioxide, and hydrogen. Group 3 are the
hydrcgen consuming acetogenic bacteria. These bacteria reduce carban
dioxlde to acetate. Groups 4 and 5 are the methanogens. Almcst all known
methancgens are capable of converting H2 and CO_, to methane. Only two

2
methanogenic genera, Methanothrix {(filaments composed of rods) and

Methanosareina, are known to be capable of converting acetate tc methane and

carben dicxide.
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The organisms of a methancgenic conscortium are closely interdependent
on one another for survival. Fcr example, the conversion ¢f proprionate tc
hydrogen gas, carbon dioxide, and acetate is cnly thermodynamically
faveorable if the hydrcgen partial pressure is between ‘IO“Ll and 10“6
atmespheres {26}. The methanogens Keep the concentration of hydrogen 1§w
for the propricnate oxidizing bacteria by utilizing the hydregen as an
electrcn doncer. 3¢ these two groups of organisms have a syntrophic
relationship,

The acetate utiliiing methancgens play an important rgle in
methancgenesis. It was pcinted out earlier that only two methancgens are

capable of converting acetate to methane and CO It has als¢o been found

o
that approximately twe-thirds of the methane fcermed in wastewater treatment
reactors comes from acetate via these microorganisms (22). de Vocht et al.

(11) perfcrmed experiments that indicated reactors which selected fcr

sedimentation of organisms favored Methanothrix, while reactcrs selecting

for organisms which attach te¢ surfaces favored Methancsarcina., In our

laboratory an electron microscopy study comparing blofilm development in
three reactor types found relatively more sarcina in the high shear
anaerchbic fluldized bed than the low shear anaercbic filter and anaercbic
upflow sludge blanket reacteor. In the latter tuwo reactors, rod type
organisms were more numerous than sarclina. In Robinson's (35) electron
microscopy study of eight methanogenic, anaercblie fixed film reactors,

Methanothrix spp. was found in high numbers at film surfaces whereas

Methanosarcina spp. was commeonly embedded in the lcower regions of the film,

There are some kinetic data for Methanosarcina spp. and Methanothrix

spp. Methanothrix spp. have a doubling time of between four and nine days




(21), uses only acetate as a substrate (26), and have a Km value of less

than one millimolar (21), Doubling times for Methanosarcina spp. grown on.

acetate have been reported as short as cne dé& (38). The Km values are from

three te five millimolar for growth on acetate (38).

One final item of importance when comparing Methanothrix spp. with

Methanosarcina spp. is that species of Methanosarcina autoflucreace whereas

Methanothrix spp. do not (21,45), The autofluorescence is due tc the

presence of Factor U420, a compound methanogens use tc accept electreons from
hydregen. The reduced form of Factor 420 then donates its electrons tec NAD
to give the cell redueing power (5). Factor 420 abscrbs light at 420 nm and
flucresces blue—green light when placed in an oxidized envircmment.

B. How and Why Bacteria Stick to Surfaces

It is generally accepted that there are two classification of
attachment ¢f bacteria to surfaces, "reversible attachment" and
“irreversible attachment" {24), Reversible attachment is defined as an
instantaneocus atﬁraction to a surface where the cell still exhibits Brownian
motion but can be remcved by washing. 1Irreversible attachment results when
bacteria are firmly adscorbed to a surface, They no lenger exhibit Brownian
moticon and are nct remcved by washing,

The most widely accepted explanation of reversible attachment involves
the Vervey and Overbeek; and Derjaguin and Landau (VODL)} thecry. VODL
thecry predicts a general pattern of attractlions and repulsions between
colloids and surfaces. The repulsive energy is due to the electrostatic
interaction between the like charges of the colloid and the surface. fhe
attractive energy is due tc van der Waa1§ attractive forces. The sum cf

these two forces results in a tetal energy such that a repulsive energy



_barrier exists as the colloid and surface apprcach each cther. At a
alightly greater distance apart from the energy barrier, the cclloid and
surface actually attract one another at a regicn called the secondary
minimum. Tt is proposed that bacteria can be attracted tc the secondary
minimum because of the energy pattern _descr'ibed in the VODL theory.

As the radius of a sphere approaching a surface is reduced, the VODL
repulsive energy barrier is reduced. Thus if a cell produces a small
di ameter probe, the probe wculd have a much smaller energy barrier to
surmount, Such a prébe might then be capable of ferming a bond to the
surface, Rogers (36) states that sufficient energy required fer such a
prcbe tc overcome the energy barrier cculd be provided by the forces of
locomotion develcped by a bacterial cell or by molecular bembardment,

Marshall {(24) obtained data that supported the VODL theory for a marine
bacterium, He compared reversible sorption of bacteria and the thecoretical
double layer thickness with the lcg of the electrolyte concentration. He
alsg ccmpared the energy of interacticn between glass and bacterial surfaces
with the particle separation {a VODL type plot) for different electrolyte
concentraticns. Data showed that there was only slight reversible
attachment when the electrciyte concentration was low and the double layer
thickness large. However at high electrclyte concentrations and small
double layer thicknesses, the reversible attachment cof micrceorganisms was
high.,

Meadow's (29) experiments showed that freshwater bacteria and marine
bacterla responded very differently when attachment was related to icnic
strength, Attachment of freshwater bacteria was optimum at low ionic

strengths as compared to marine bacteria which attached optimally at the



normal ionic strength of seawater, It is unclear from the experimental
procedure whether this experiment actually measured reversible or
irreversible attachment. Slides were grown for three hours in an
appropriate brcth, counted and transferred to variocus test sclutions at
different ionic strengths for 1.5 houra, then counted again. There was no
washing step but one would imagine that reversibly attached organisms would
detach if the test solution was nct at an appropriate icnic strength.

Bacteria use their glycocalyx to irreversibly attach to surfaces. A
glycacalyx is a mass cf tangled polymer fibers which extend from the surface
of a cell. The exact composition of the pclymers is not known but they are
thought to be primarily polysaccharides and glyccprotein type molecules
{12). The existence of the glyccealyx has only been known since the late
1960's (7). The reason for its recent discovery is that the glycocalyx
typically does not form in pure laberatcry cultures, the major investigative
system used by microbiclecgists (7). Apparently the prcducticn and
maintenance of a glycocalyx requires a substantial metabclic expenditure.
Cells which are not burdened with this metabolic expense are selected for in
pure laboratory culture (7). In naturally occurring enviromments, however,
selection Favors microcrganisms that produce a glycocalyx. The glycocalyx
had been found tc be a universal structure in bacteria and is thought to be
essential to the blologlcal success of most bacteria (7).

It is interesting to note that most of the cells from the cther
kingdems of organisms alsc possess an external polymer coating. Plant cells
have an outer layer containing cellulocse, hemicelluloses, pectin and lignin
(34). Fungal cells have an outer layer of chitin (38). Animal cells have a

variety of polysaccharides in their glycocalyxes (7). At least scme of the
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Protista (i.e., algae) contain a variety of polymers in their cell walls
(34).

The attachment of bacteria to a surface can be nonspecific or specifice
{7). The exact mechanism of a nonspecific bond to an inert surface is
unknown (7). Specific bonds are usually formed between bacteria and cther
higher organisms. Higher organisms have their own chemically defined
glycocalyx, The glycccalyx cf the bacteria and the higher organism can
either be held together by polar attraction (i.e. twc negatively charged
polymers joined by a divalent cation) or be joined by a lectin mclecule,
Lectins are molecules found primarily in highly developed corganisms which
can form a bond bridge between two specific sugar molecules. If the sugar
mclecules happen to he at the ends ¢f two polysaccharide chains, then the
lectin melecule can bind the tuwc chains together. Thua, lectins are able to
bind a higher organism t¢ chemically specific polysaccharide chains,
scmetimes belonging to bacteria. If a particular bacterium cannot form a
bridge via a lectin molecule to a higher organism, or if the bacterium
polysaccharide coat cannot bind directly tc the peclysaccharide of the
glycocalyx of the higher organism, then nc adherence will cccur.
Specificity will be achieved. Some examples of bacterially produced lectins
are known (8, 40).

In an electron microscopy study, Fletcher and Floodgate (15} determined
that the glyecocalyx ccntains a primary and secondary acidic pelysaccharide.
The primary polysaccharide was composed of an inner thin dense line on the
cell wall surface and an cuter fringe region. The fringe r‘egibn was about
15-25 nanometers thick. The secondary polysaccharide was associated

primarily with grcups of organisms. It was a fibrous, netlike substance
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that atretched from bacteria to bacteria and from bacteria to the surface,
They later prcposed (16) the primary polysaccharide was responsible for
initial adhesion while the secondary polysaccharide strengthened the cells
attachment tc the surface. Calcium and magnesium were demcnstrated tc be
important for the maintenance of the secondary polysaccharide intercellular
matrix.

There are several reasons why it is advantagecus for a bacterium Lo
adhere to a surface. Attachment may be specific c¢r nonspecific., In a
specific interacticn with another organism the reasons are cbvious. The
ability of the bacterium to attach toc the higher organism allcows the
bacterium te infect the host, Once the infecticn cccurs, relaticnships
ranging from pathegenic to symbiotic may develop. In general, the bacterium
has found an environment where it can obtain the substances which are
necessary to grow and reprcduce.

The explanation for nonspecific attachment toc ncnliving surfaces is
more subtle, Costerton (7) speculated the following reasons,

1) Because of the hydrophcbic nature of perticns of many organic
molecules, the ﬁolecules tend to accumulate at surfaces providing a
focd source.

2y A micrcorganism attached to a surface with a fluid passing by would
experience a continu0us_supply of substrate and nutrients.

3) A microorganism attached tc a surface with a fluid passing by wculd
continually have its wastes removed,

4) The presence of the surface and attached glycocalyx impedes the

movement of exoenzymes away from the cell.



5)

6)

7)

C. The

12

The presence of the glycocalyx, and being attached with other
micrcorganisms tc a surface, provides the cell with scme physical
protection (i.e. from drying, toxic substances, etc.).

The polymer molecules of the glycocalyx possess negatively charged
sites to which free cations (nutrients) may bocnd. Thus the
glycocalyx may act like an icn exchange resin and collect nutrient
caticns.

Attachment of cells to a surface may allow the establishment of a
specific geometric orientation of the cells at a surface. Such an
orientatién might be Impertant fc¢r scme processes such as
interspecies hydrogen transfer,

Pattern of Bicfilm Development

The follcowing steps in biofilm development have been postulated by

Trulear

5.

and Characklis (42):

Transport and adsorption of organic mclecules to the surface.
Trangport of microbial cells to the surface.

Microcorganism attachment Lo the surface,

Microbial transformations {(growth and exopclymer producticn) at the

surface resulting in the producticn of biofilm,

Partial detachment of biofilm,

The fermation of a biofilm begins with the initial adscorption of a

layer of biolcgical macromolecules to the surface (1). The macromolecules

are primarily glycoproteins, proteoglycans, or their end product humic

residues (28). Micrcorganisms are transported Lo the surface either by

turbulent flow conditions, diffusion, or chemotaxis {(42).

Once in close

proximity to the surface, the organism will experience a net attractive
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force at a particular distance due to forces thecrized in the VODL theory.
The attractive force will tend tc¢ held the organism close to the surface,
In this loecation, the organism can then use its smaller diameter appendages,
pili, flagella, fibriae, and most likely the glycocalyx polymers, to stick
to the surface. 0Once the bacteria have attached successfully, they enter
the growth phase and also produce additional excpolymers to strengthen thelir
attachment and begin to reproduce {42}.

Finally, partial detachment cf the biofilm ocourg as segments
periodically break off (U42). The breaking off most likely has three causes;
shear stress, nutrient or oxygen (in the case of aercbic systems) depletion,
or cell death. A change in the hydraulic regime, or the increased
fricticnal resistance of the growing biofilm, could increase the shear
forces, Depletion of nutrients coculd cause cell death in the deepest
attached portions of the biofilm., Likewise cell death due tc agling cculd
also céuse the detachment of biofilm.

Trulear and Characklis (U42) conducted an extensive series cf
experiments on overall growth of bicofilms, "They used an annular reactor
composed of twe concentric cylinders, The inner cylinder rotated and its
speed was controlled. A removeable slide, which formed an integral fit with
the inside wall of the outer cylinder, was used to mconitor bicfilm
develcpment, Trulear and Characklis summarized their findings aé follows,

1. Biofilm accumulation is the net result of substrate removal,

bliofilm precduction (results from metabolic growth) and biofilm
detachment (caused by fluid shear).

2. Glucocse remcval ig directly preoporticnal to biofilm thickness up to
an active thickness that corresponds to the depth of glucose
penetration into the biofilm,

3. The depth of gluccse penetration increases with increasing reactor
glucose concentration.
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4y, Glucose removal is limited by the transfer of glucose from the bulk
fluid to the fluid-biofilm interface at low velocities.

5. The rate and extent of bilofilm accunulation increase with glucose
loading rate.

6. The rate and extent of biofilm accumulation increase with fluid
velaoclty at low velceities and decrease Wwith increasing fluid
velocities at high velcocities,

7. Biofilm detachment increases with fluid velocity and the mass of
attached biofilm,

8., Bicfilm density increases with gluccse loading rate,
9. Biofilm density and morphology are related. Low density bicfilms

exhibit a filamentous structure. High density biofilms exhibit a

non-filamentcus structure characterized by dense patches c¢f
micrcbial colonies.

10. Biofilm accumulaticn increases fluid frictional resistance., Once a
eritical biofilm thickness is reached, frictional resistance
increases in proportion to biofilm thickness, For a given bicfilm

thickness, frictional resistance increases with filamentcus
atructure,

Bryers and Characklis (6) have postulated that the overall progression
cf biofilm development can be represented in three stages feor a turbulent
flow system (induction, growth and plateau). During the induction pericd,
initial biofilm formaticn takes place. The growth pericd is a time c¢f
exponential accumulation of the biofilm, Fricticnal resistance increases
and becomes more severe as grewth continues, Finally, at the plateau stage,

the bic¢film reaches sateady state thickness as growth and detachment are

balanced.

D, Factors Affecting Biofilm Development

Daniels {10) listed the fcllowing as significant parameters affecting
the adsorpticn cf micrcorganisms to solid surfaces.
1. Character of micrcorganism
a) Species

b) Culture Medium
¢) Culture Age
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d) Concentration
2. Character of adsorbent

a) Type
b)Y Ionic Form (ion exchange resin)
¢}y Particle Size

d) Cross-linkage {(ion exchange resin)
e) Concentration

3, Character of the envircoment

a) Hydrogen lon Concentration
b) 1Inorganic Salt Concentration
¢) Organic Compounds

d) Agitation

e) Time of Ccecntact

) Temperature

Several of these parameters will be discussed below.

Dexter {13} proposed that twc parameters, critical surface tension and
the "interaction parameter™ between the inert sclid surface and the organic

layer of mclecules fcrming on the lnert surface, determine the number of

bacteria attached per unit area., Dexter's prccedure alsc included a rinsing

étep in order to measure irreversible attachment.

Critieal surface tensiocn, YC, is an empirical parameter to measure the
wettability of a surface. It i3 obtained by measuring the contact angle, 8,
between a liquid droplet and a solid surface (for a series of droplets from
fluids with known surface tensicns), and plotting the surface tensions cof

the liguids tested agalnst the cosine of angles formed by the droplets

{(Figure 2, after {2)). The critical surface tension for wetting of the

substrate iz defined as the intercept of the best straight iine thrcugh the

data with the cos 6 = 1 axis, Physically, the ecritical surface tension

separates liquids which form contact angles with the substrate of less than

about 1° (in other words spontanecus spreading) from those Forming higher

contact angles and not spreading.
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Dexter cbserved that studies comparing attachment of bacteria tc
critical surface tension obtained different results when the studies were
done in situ versus in vitroc. He proposed a two-step model to acccunt for
the observed discrepancy in the data (12)., 1In step cne, the wettability of
the surface influences the rate of fcrmation or the compesition of the
initial film of organic molecules ¢n the surface, what he calls the
conditioning film, 1In step tweo, the rate of formation on compositicn of the
conditicning film influences bacterial attachment. The driving force for
the adsorpticn of the conditioning film is the Helmholtz Free Energy, which
is determined by the interfacial tensions as described in the equation
below:

AF = Y0 * Tow ~ Ysw (1)

AF = change in the Helmholtz Free Energy

YSO = interfacial tensicn between the so0lid support surface and the
adscrbed organic layer

Yow = interfacial tensidn between the adsorbed organic¢ layer and water

st = interfacial tension between the sc¢lid support surface and water

The interfacial tensicon between the sclid support surface and water,
st, is the most significant parameter in determining the Helmholtz Free

Energy, AF, for adsorption of the organic layer to the surface.
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Dexter (13) used the work of Girifalco and Geod (18) and Good (19) to
explain that the interfacial tensicn between the sclid and water is a
function of the interaction parameter. The interacticon parameter, ¢SL’ is a
constant which 1s dependent upon the mclecular properties of the sclid and
the organic compound adscrbing to the solid. Dexter postulated that
adsorption of the eccnditioning film is a funetion of the critical surface

tension, 10, of the solid and the interaction parameter, between the

bop
s¢lid and the organic molecules adsorbing to the surface, He proposed that
the relationship of critical surface tensicn and bacterial attachment is
determined by the interfacial surface tension between the solid and the
water, which is closely related to the tendency of organics to adsorb to the
solid surface.

Fletcher (14), Bryers and Characklis (6}, and Shapirc and Switzenbaum
{(37) each found that organism concentration affected irreversible
attachment., In general, an increase in organism cchnecentraticon resulted in
an increase in the number of bacteria attaching to a surface. Fletcher's
and Shapiro and Switzenbaum's data imply there'is a maximum amcunt cf
bacteria that can attach in a given area.

Fletcher {(14) found her data fit a modified Langmuir type adsorption
plot (the usual Langmuir assumpticn ¢f an equilibrium between adsorption and
desorpticn was not included) but did not fit a Freundlich or BET type of
plct. She suggested the fit of the data toc a Langmuir isctherm may mean
that irreversible bacterial attachment conforms to the assumptions and
principles of the model,

The equations she used tc develeop the mcdel are as follows:

(1) R = k[XJS (1-8) (2)
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R = rate of irreversible attachment
k = constant indicating the intensity of adsaorption
[x]s = organism concentration in the bulk of fluid
8 = fraction of surface ccovered with bacteria
1
[x]ad =K B (3)
L]
k = a limiting constant depending on the adscrpticn capacity
of the surface
[X]ads = the number of bacteria adsorbed tc the surface
xi_ .. Ix] R
ds 3
(X], = —=—= + - (4)
k k

If the mcdel were true, there are several implications. The rate of
irreversible attachment is dependent upon the bulk organism concentration,
the extent which bacteria cover the surface, and the "intensity of
adsorption® of the micrcbes in questicn. There i3 a maximum number (k') of
cells that can attach tec a given surface 1In a layer one cell thick (recall
Langmuir isctherms assume mconolayer adsorption}. 'The irreversible
attachment process can be described mathematically by equations 2, 3 and 4,

The integrated form of equaticns 2, 3 and ¥ (assuming Xs ccnstant)
results in the fcllowing relaticnship:

xst

-K X t
A s )-1] = Xads (5)

() ~k' [exp(
The data of Fletcher (14), Marshall (2%) and Dexter (13) show that as
incculation time increases, the number of irreversibly attached cells
increases. Fletcher's mcdel implies that as incculaticn time increases and
surface coverage increases, the rate of attachment would decrease. As

inceoulation time approaches infinity, the rate of attachment wculd be zerc.

The integrated form of her equaticns relates time of incculation to number
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of bacteria adscrbed, bulk fluid organism concentraticn, the intensity of
adscrption, and the maximum adsorptive capacity of the surface.

The data existing on the effect of growth rate on irreversible
attachment are somewhat contradictory, Several studies are summarized in
Table 1. General cbservations from these studies imply that log phase
organisms attach faster than stationary phase organisms, which attach fasfter
than death phase crganisms, Fcr example, Bryers and Characklis (6) cbserved
that attachment rate was directly proportional to growth rate in a mixed
culture system when feeding the biofilm reactor from a chemostat, Shapiro
and Switzenbaum (37) found in their methane fcrming anaercbic mixed culture
that the slow growing culture attached at about the same rate as the fast
growing culture, Nelson et al., (32) however observed a decrease in
attachment réte with increasing specific growth rate for a Pseudomonas
species (pure culture) in a similar experimental system to Bryers and
Characklis (6). Marshall (24) found that providing 7 mg/L of glucose to
Pseudomonas R3 stimulated irreversible adsorption but glucose additicns cf
30 mg/L and 70 mg/L completely inhibited irreversible adsorpticn., The
limiting substrate concentration determines the growth rate of
microorganisms, One would expect equal or faster growth rates at higher
glucose concentraticns (f glucose is limiting). Given the generalizaticn

above that faster growth rates result in quicker attachment, Marshall's data
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Effect of Phase cf Growth and Growth Rate on the Rate of

Irreversible Attachment or Bicfilm Development

Ref. #

Study

Aercobic cr Type cof

Anaerobic Culture

Rate of Irreversible Attachment or
Biofilm Development

High Low

DIFFERENT PHASES OF GROWTH

15

32

Aercbic . Pure

Aercbic Pure

WLTHIN LOG PHASE GROWTH

39
6
uy

32

Aerobic Pure
Aerobic Mixed
Anaerchic Mixed

Aerobic Pure

log phase > staticnary phase > death phase

log phase > "older bacteria"

fast growth rate > slow growth rate

fast growih rate > slow growth rate

fast growth rate

]

slow growth rate

slow growth rate > fast growth rate
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is contradictory., Pavonl (33) found that bacteria do not flocculate until
they have entered the éndogenous growth phase. He also found a dramatic
increase in the presence of exocellular polymers at this stage. He did not
determine whether the origin of the polymer at this stage was from autclysis
of bacteria or from living bacteria., From these findings, ¢ne would expect
crganisms in the stationary phase and in the death phase tc attach faster
than corganisms in the log phase. Thus this study alsc provides
contradictery infcermation,

Shear has an important effect on attachment and biofilm development.
Trulear and Characklis (42) noted that it was important to operate the mixed
aercbic culture in their annular reactor in the batch mode‘for about eight
hecurs before beginning tc rctate the inner cylinder and allowing shear
forces into their experimental regime. This techniqgue ﬁinimized the
inducticn pericd. Their experiments on shear showed that there was an
optimum speed for the fluid tc pass by the biofilm tc achieve the highest
bicfilm accumulation rate. They concluded the peak prchably represented an
optimum balance between enhancing biofilm development, by increasing tne
availabllity of substrate at high velocities, and hindering biofilm
development, by'increasing shear stress at high velocities.

Shapirc and Switzenbaum {37) cbtained different results for the effect cf
shear on the development of a mixed anaerobic biofilm, Higher accumulaticns
of bicfilm were observed at the lower and higher bulk liquid flcw velocities
with lower accumulaticons in the middle range. They felt there were twc
pcssible explanations for their results, Either the competing phenomena of

fluid shear and mass transport caused the shape of the curve or different
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shear conditicns selected for different species which had different growth
patterns.

The Influence of ionic strength on reversible attachment was discussed
earlier and considered the data of Marshall (2U4) and Meadows (29). Meadows
showed that marine bacteria attach optimally in a high icnic strength
envircmment whereas freshwater bacteria attach optimally in a low icnic
strength environment., Marshall showed that reversible attachment in a
marine bacteria follows the prineciples ¢f VODL theory and double layer
thickness with respect to ionic strength,

Marshall {(24) and Fletcher and Flocodgate (16) found that the presence ¢f
caleium and magnesium were important for irreversible attachment tc take
place and be maintained, WMarshall found that either calcium or magnesium
must be present for irreversible attachment to take place and attachment was
highest when both were present. Fletcher noted complete disruption cf the
secondary poclysaccharide when caleium and magnesium concentrations in the
grewth media were reduced,

There have not been any truly in-depth studies of the effects cof
temperature and pH on attachment to this writer's knowledge. Fletcher
obtained some data cn the attachment c¢f a staticnary phase marine
pseudcmenad., Cells suspended in filtered seawater at 3CC did not attach as
rapidly as those suspended i{n filtered seawater at 2OOC. Fletcner and
Flcodgate (15) cbserved a high pH in the growth medium prevented the

appearance cf primary polysaccharide in preparations of naturally attached

bacteria. Adhesion was nct impaired,
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CHAPTER III, METHODS AND MATERIAL d

A. General Experimental Approach

One of the persistent disadvantages of methane generating anaercbic
bicfilm reactors is their long start-up time. Improvement or optimization
of initial biofilm development would help make the methane forming anaercbic
digestion process more acceptable tc potential users., Understanding of how
micrchbes attach and form biofilms is in its infancy. To date, most research
has been done on aerobic cultures and only recently has work begun on mixed
anaerobic cultures., The contradictory data for aercbic systems together
Wwith the dearth of data for anaerobic systems create a need fcor more
information specific to methane forming anaercbic cultures. Accordingly,
the experiment described below investigated the effect of three pertinent
parameters on the attachment of methane forming anaercbic bacterial cultures
to a glass surface, Also, scme refinements In the techniques of studying
methane forming anaercobic biofilms were developed and utilized,

The three parameters which were varied in these experiments were culture
growth rate, inoculation time (the time that bacteria were exposed tc the
surface) and surface preparation., The experimental set-up is depicted
schema;ically in Figure 3. It include!d a completely mixed anaercbic
chemostat in which the culture growth rate was ccntrolled, and an anaerobic
attachment vessel in which irreversible attachment was measured. The
anaergblc attachment vessel was designed and constructed for this experiment
and used microscope 3lides as the surface on which irreversible attachment
was cbserved both quantitatively and qualitatively. Bacterial attachment
was measured at prcgressing inoculation times by remcving the slides at
different time intervals and counting the bacteria which attached to the

slides,
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The incculation time discussed in the experiments was the amount of time
a slide was left in the flow thru attachment vessel and exposed t¢ the
culture of bacteria before it was removed to be counted or phctographed.
Irreversible attachment was thus measured after the inoculation pericd was
completed, The hydraulic detention time of the attachment vessel was
approximately 1.3 to 1.4 days. Slide preparation could be varied by simply
using different preparaticn procedures before inserting slides into the
attachment vessel and starting an experiment, While gther surfaces might be
better for bacterial attachment, the glass slides were convenlient fer
gqualitative and quantitative measurement,

Finally, the use of microscope slides as the attachment surface allowed
qualitative observaticns tc be made and photographs taken under the phase
contrast and scanning electrcon microscopes.

A number of parameters were kept constant in this experiment, They

include:

1. -glass attachment surface -- Attachment tock place cn glass
microscope slides provided from the same supplier (VWR
Scientific Precleaned Plain Micrcscope Slides, No. 48300-25).

2. -—the organism concentration (measured as bacteria per 100 mls)
-- The organism ccncentration in the chemcstat was adjusted to
keep it constant at different growth rates by altering the
substrate concentraticn in the feed to the chemocstat,

3. ~the overall enviromment in which attachment was measured or
observed -- Slides were placed in a radially symmetrical
fashion Ln an acrylic ecylinder (the attachment vessel) so that
egach slide experienced the same enviromment (with respect to
fluid mechanics, shear, proximity to wall, ete.).

4, -the temperature of the chemcstat effluent/attachment vessel
influent -- The temperature of the chemcstat and the
attachment vessel was maintalined at 36°C + 29C,

5. =the pH of the chemcstat effluent/attachment vessel influent
~- The pH of the chemostat effluent was held constant for a
given growth rate and between the two growth rates by adding a
constant, sufficient amount of alkalinity to each feed such
that the pH's of the effluent were stable and approximately
equal (pH 7.1).




Table 2. Overall Experimental Procedure

wash glass slides (chromic acid wash, distilled water rinse/ferrour
amoniumsul fate wash/distilled water rinse/deionized water rinse)

place glass slides in attachment vessel

remcve slides frcm attachment vessel and rinse with wash buffer after
varied inoculaticn times

count microorganisms

a) total count of all bacteria per area (counts at cocect > 0.6
micrometers, coceci < 0.6 micrometers and noncocei)

b) count methanogens with fluorescence scope per area

parameters varied — cutture growth rate - (8 day solids retention
time/0.5 volumes per day
dilution rate)

~ (20 day solids retenticn
time/0.125 velumes per day
dilution rate)

!

inoculation time (0 to 165 hours) -

slide preparation - (chromic acid wash - autoclave)
(chromic acid wash -~ no autoclave)

parameters constant - organism coneentraticn
- salinity-
- pH
- surface for attachment
- temperature
= fluid shear

28
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anaerobic chemostats between 10 and 15 day SRT's (23). The two growth
rates alsc offered an opportunity to compare attachment of fast and slow
growing cultures.

Tvwo 15 liter werking volume inpculating reactors were maintained in
addition to the experimental reactor. One operated at an eight day SRT
and the other operated at a 20 day SRT. The two incculating reactcrs and
the experimental reactor were all seeded simultaneously from a seed
prepared from a mixture of scurces (Table 3). The inoculating reactors
served three primary functions., They provided a scurc¢e of tnoculum in
case of an acclident with the experimental reactor. They provided a
controlled souwrce of incceulum when the experimental reactor was switched
from one growth rate to another. Having the two experimental growth
rates gperating simultanecusly allowed experimentatiocon with feed tc
cbtain similar envirommental conditions in the reactors,

The feeds used in the reactors are summarized in Table 4, The feed
can be broken down into five major compcnents. Organic carbon was
primarily supplied as sucrose. Alkalinity was primarily supplied as
sodium biecarbonate, A varlety cof inorganic salts were added as
nutrients, L-cysteine was provided as a sulfur source (sulfate might
have acted as a competing electron acceptor and allow sulfate reducers
te out-compete methanogens). Yeast extract was added tc supply trace
nutrients. The sucrcse feed concentrations fcr the twc reactors
differed so that the organism concentraticn would be the same in the two
reactors. The salt concentrations were based on twe conecepts. First,
the amounf of a particular salt necessary for a culture with a 67

percent cell yield and carbon as the limiting nutrient was




Table 3, Inoculum

SOURCE

Dairy Manure Digester

Sewage Digester

Research Fluidized Bed Reactor
Research Upfiow Sludge Blanket Reactor

Research Complete Mix

Rumen Fluid

COMMENTS

plug flow
complete mix

fed lactose/salts
fed lactose/salts

fed lactose/nutrient
broth/salts

Tl
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Table 4, Reactor Feeds

0.125 vol/day Dilution Rate
' 8 day SRT, mg/L

0.05 vol/day Dilution Rate

sucrose 8,500
Nitrogen as N 657
Phosphorus as P 292
Potassium as K 735
Magnesium as Mg 139
Iron as Fe 155
Chloride as Cl 2,425
Sodium as Na 2,300
Cobalt as Co §.4
Nickel as Ni 4.2
Calcium as Ca 33
L-Cysteine as § 67
Yeast Extract 200
Alkalinity as CaCo3 5,000

20 day SRT, mg/L

10,000
657
292
735
139
155

2,425
2,300
8.4
4,2
33
67
200

5,000
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determined for the 20 day SRT reactor. Second, the concentrations cof
influent salt used in cther successfully operated research reactors were
reviewed, The higher of these two concentrations was used. The salts
concentraticn for the twc reactor feeds was kept the same Lo keep the
effiuent salts concentration approximately the same, Feed was delivered

to the reactor by a timer activated peristaltic pump once each hour.
The overall stoichiometric reacticns predicted to cccur at the twe

growth rates were as fcllows,

20 Day SRT
0.25 CH,0 + 0.0097 Hc03" = 0.110 CO, + 0.101 CH, (6)
+ 0.0097 NH," +0.039 Hy0 + 0.0097 C.H,ON
8 Day SRT
0.25 CH 0 + 0.0117 Hco3° = 0.107 CO, +. 0.0958 CH, (7)
+0.0117 NH, + 0.0117 CH ON + 0.047 H,0

The reactors were brought tc steady state before experiments were
carried out. Reactors were operated for at least three times longer
than the experimental SRT to achieve steady state. pH, temperature,
effluent volume, gas composition, gas quantity, velatile suspended
s0lids (organism concentration), suspended bacteria concentration and
soluble chemical oxygen demand remcval were monitored regularly tc

insure steady state conditicns.
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2. Attachment Vessel

Each attachment vessel was a four-inch inside diameter‘by six-inch
high working dimensions sealed acrylic cylinder which was capable of
holding 36 glass slides (Figure 5), The slides were radially arranged
30 that each slide experienced the same envivrcgnment. The hydraullc
detention time was approximately 1.3 to 1.4 days.

Before each experiment was started, the attachment vessel was
thoroughly cleaned and disinfected. It received a soap and water wash
and was rinsed with distilled water until all suds were removed. [t was

then disgsinfected overnight with 100 mg/l as Ci NaoCl soluticn.

a7
Finally, the attachmenf vessel was then rinsed four times with distilled
water.

The slides were thoroughly cleaned before placing them in the
attachment vessel. The wash procedure was as follows:

1) scap and water wash using a sponge,

2) rinse with tap water to remove suds,

3) rinse with distilled water,

4y scak in chroﬁic acid for at least 1 hour,

5) rinse 10 times with distilled water,

6) scak in 0.25 M ferrous ammonium sulfate for at least 1 hour,

7} rinse 10 times in distilled water, and

8) rinse 4 times in deionized water.
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The slides were stored in the dark, submerged in deicnized wéter at rcom
temperature in a similarly c¢leaned, parafilm covered beaker, The slides
that were not autcclaved in the experiment were simply removed from
these beakers the day of an experiment, lcaded into the attachment
vessel. For slides which were autoclaved, the procedure was as fcllows.

The beaker containing the slides was set on a stainless steel tray
with holes in the bottom. The parafilm was removed from the top of the
beaker, A larger beaker (which had been through the same chronic acid
wash procedure as the slides) was inverted and placed over the top of
the smaller beaker containing the slides, The tray and the beakers were
loaded intc the autoclave and autoclaved for 30 minutes at 270°F. The
tray and the beakers were then remcved and the beaker with submerged
slides was allowed to cool. When the slides were cool they were lcaded
into the attachment vessel.

When these preparations were completed fcr the attachment vessel
and the slides, an experimental run commenced. The recycle pump for the |
chemostat was operated continuously for the 30-minutes prior tc filling
the attachment vessel. The effluent valve on the chemostat was closed.
F‘iye hundred milliliters of mixed liquor was flushed thr'oug.h the
e(‘t‘luent_ sample tap and returned to chemostat through the feed port.
Then the attachment vessel was filled. The effluent valve cf the
chemostatl was reopened and it was thus returned to its initial state.
The attachment vessel was then hooked up to a timer activated pump which

pumped approximately 30 milliliters once each hour, Slides were remcved
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from the attachment vessel after being submerged in the attachment
vessel for a period of time, the inoculation time, Once the attachment
vessel was filled, the inoculation time clock started running. Slides
were removed at the appropriate times, rinsed tc remove reversibly
attached cells, and counted,

3. Slide Remcval and Rinse Technlque

At a given inoculation time, the liquid effluent valve, the feed
influent valve, and the gas port valve of the attachment vessel were all
closed., The attachment vessel was remcved from the 35°C room and
carried to the 1lab bench. At the lab bench, the head space of the
attachment vessel was gassed with nitrogen (02 < 3ppm) while the top of
the attachment vessel was being remocved and after it was removed.
Slides were grabbed by the top with a tweezers and carefully removed.
The slides were immediately rinsed with a wash bottle (see Table 5)
whose magnesium and caleium concentrations, pH, and icnic strength were
designed to be approximately equal to the mixed liquor of the chemostat.

The buffer was prepared within a month of the time for an
experimental run, with deionized water. After mixing, it was filter
sterilized through a 0.2 uym filter into an autoclaved flask (15 minutes

@ 230°C)., It was then transferred to an autoclaved culture bottle and

stored at 4°C in the dark.
An attempt was made to make the rinse procedure as uniform as
possible. Slides were held next to a stand which had a U5¢ angle (see

Figure 6). The rinse buffer was dispensed from a 25 ml Fisher brand
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Table 5

caCl,
MgC1,* 6H,0
K,HPO,
KH,PO,
NaCl,

KC1

pH measured = 7.1 to 7.2

Wash Buffer

g/l
0.092
1.178
0.696
0.136
4.62

5.89

38
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Schellbach burret with a 3~way stopcock and automatic zeroing. The tip
of the burrette was held approximately cone half inch from the elevated
edge of the slide. The stream of buffer from the burrette was directed
on the top quarter inch of the elevated portion of the slide. The fluid
flowed down the slide and off the end. The stream was shifted from side
to side on the slide so that the entire slide was rinsed. When a slide
was rinsed, the s8ide tc be counted was rinsed initially with 25 ml cf
buffer. Keeping the elevated end elevated, the slide was flipped over
and the bettom side of the 3lide was rinsed with 5 ml of buffer,
Finally,_the slide was flipped over again keeping the elevated side
elevated, and the side to be counted was rinsed agaln with 5 more
mitliliters cof buffer,

The final preparation of the slide was the fixing of a cover-slip.
After rinsing with rinse-buffer, the small residual of buffer on the
slide was used to make a wet mount by placing a coverslip on the slide.
The coverslip was placed so that its end closeat to the edge of the
slide was 17mm from the edge of the slide (see Figure 7). This end had
been at the bottom of the attachment vessel, The edges of the coverslip
were then sealed with nail polish to prevent evaporation. Three coats
of nail polish were applied t¢ the coverslip edges. A few minutes were
allcwed for drying after each application. The-bacteria Wwere then

counted as soon as pessible. After four or five days, the slide would

begin to dry out.

4. Cell Counts
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Figure 7

Microscope Slide And Coverslip Mounting Location
Used For Bacterial Attachment Counts
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The irreversibly attached bacteria on the prepared slides were
next counted. An Ernst Leitz Wetzlar SM Phase Contrast Microscope was
used for the April 1, 1986 and May 21, 1986 experimental runs. A Zeiss
GFL Phase Contrast Micrcascope was used for the July 15, 1986 and August
19, 1986 experimental runs. Photographs were taken using a Zeiss D-7082
Standard Phase Contrast Microscope. Counts were carried out on the
Leitz microscope using the 100x oil immersion phase objective, a 10x eye
piece, and Cargille Type A immersion oil., On the Zeiss GFL microscope,
counts were done under the 100x oil immersion phase objective and a

12.5x eye piece, and Cargille Type A immersion cil,

An attempt was made to count approximately the same locations for
each slide. The slides were placed cn the microscope mechanical stage
with the same orientation each time. The mechanical stage was adjusted
so the same coordinates of microsceope fields were brought intc view each
time, For phase contrast counts of a particular slide, usually twenty-
four fields were counted. For fluorescence microscopy, twenty-four tc
seventy-two fields were counted. For phase contrast counts, the fields
that were counted were in two rows of twelve fields (see Figure 8),
Within each row, the fields that were counted were 0,5 mm apart. The
twec rows were 1 mm apart. The field closest to the bottom edge of the
slide is 20 mm frem the edge of the slide. The rows are located

approximately 7 mm from either edge and are 1 mm apart.



- fields are 0.5 mm apart horizontally
— fields are 1 mm apart vertically

oy
ey

Kk—>

Figure 8

20 mm

T
L e

Location Of Phase Contrast Microscope Fields Used

For Bacterial Attachment Counts



Hi

The counting technique as follows: 1In most cases, only bacteria
in one quarter of the oll immersion field, the upper right quadrant,
were counted. Each slide was cocunted three times under the phase
contrast micrcscope, The first time noncocci were counted, The second
time cocel greater than 0.6 micrometers in diameter were counted. The
third time, cocel less than 0.6 micrometers in diameter were counted.
After counting on the phase contrast microscope, the 0il was not wiped
off the slide., It was found that wiping the oil off would damage the
bicfilm and cause attached bacteria tc become unattached. So the slides
were stored with the ¢ll remaining on thém until the flucrescence counts
were done.

Flucrescence microscopy was carried out using an Olympus BH3-2
microscope with a reflected light fluorescence attachment., The filter
mode used was with the exciter filter BP-490 (B) (allows light with a
wavelength of 490 nm and less to reach the specimen) and the barrier
filter 0-515 (allows light with a wavelengh of greater than 515 nm {0 be
seen through the eyepiece). Counts were done using the 100x oil
immersion cobjective and, a 10x eyepiece, using Cargille Type A immersicn
olil,

The method of counting under the flucorescence scope differed from
the phase counts slightly. Due to the rapid fading (a few seconds) of
many of the fluorescent bacteria, the area of the field counted was

reduced and the number of fields counted increased. Field sizes counted

were either 5030 square micrometers, 745 square micrometers, 331 square
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micrometers, depending on the density of attachment. From 24 to 72
field were counted.

The fluorescence counts were carried cut in a fashion similar to_
the phase contract counts except that up to six rows of twelve fields
were counted (72 fields tctal) instead of just twe rows {see Figure 9).
The Guter rows were 6.5 mm from the edge of the slide, Three of the
spaces between the six rows is 0.5 mm. Two of the spaces between the
six rows is 0.25mm.

The timing of the ccunts 1s summarized in Appendix A. 1In all
cases, the phase-contrast counts of autoclaved slides were done within
26 hours of the time the slides were sampled, The majority of these
slides were cocunted within 6 hours of being sampled. The
autoclaved/florescence microscope counts and the unautcclaved/phase
contrast microscope counts were completed within % days of sampling.

The majerity of these slides were counted within 3 days of sampling.

5. Scanning Electren Microcacopy

The techniques for counting bacteria were modified sc¢ that
scanning electron microscopy c¢culd be performed. Microscope slides were
cut into small rectangular pieces with a glass saw approximately five
to ten mitlimeters by five to ten millimeters, washed (in the same
manner as microscope slides for cocunting), autoclaved, and cven-dried,
These pleces were then glued with nall polish to 15 mm x 75 mm
microscope siides used for the attachment study in the same location

that counts were done (see Figure 10). The slides fit into the
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edge of slide

0.25 mm §

6.5 mm
0.5 mm
*

6.5 mm

edge of slide

Figure 8

Flucrescence Microscope Counting Technique - Location Of
Rows Counted



nail polish

=

V\ piece of glass used for scanning
electron microscopy study

f: nailpelish

Figure 10

Slide Apparatus For Scanning Electron Microscopy
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attachment vessel just as the other slides fit. However, the attachment
vessel could only hold 18 slides at a time of electrcn microscope
slides, compared to the normal 36, due to interference caused by the
extra glued piece,

The prccedure used to sample and prepare the electrcn mieroscope
samples was as follows. Slides were placed in the abtachment vessel at
staggered times ag theyAcould he removed tLhe day before sample
preparations were carried out for the SEM, When slides were removed,
they Wwere immediately placed in a Petri plate containing the slide rinse
buffer, Here the sample piece of glass was removed using an ethanol
flame sterilized razor knife to cut at the nail polish. When the sample
of glass was cut, it usually fell on one side, this side was thereafter

treated as the "up" side and kept up for the rest of the preparations.

_ Excess nail polish was trimmed off the sample piece of glass using the

razor knife. The sample was then carefully removed from the Petri plate
with a forceps and placed in a 25 milliliter beaker containing encugh
rinse buffer to cover the sample. The buffer was then removed by
suction with a Pasteur pipette and the beaker refilled with buffer four
times to remove reversibly attached cells, Care was taken not to hit
the sample piece of glass with a direct stream of fluid when refilling
the beaker to prevent irreversibly attached bacteria from being knocked
off. After the buffer was remocved for the fourth time, the beaker
containing the glass sample was refilled with 2% glutaraldehyde in

Milleonig's buffer. Samples were stored overnight at 4°C in 2%
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glutaraldehyde/Millonig's buffer sclution, The shape of glass samples
Wwere then physically sketched s¢ "up" side could be recognized in case
the glass samples were jossled or flipped during the drying process.
The following day, the samples were first washed twice with Millonig's
buffer, Next the samples were initially dried by submerging them in a
series of increasing strengths of ethanol for five minutes each; twenty
percent, fifty percent, seventy percent, ninety-five percent, and cne
hundred percent ethanol solutions were used. The sample was submerged
twice in the 100% ethanol. Critical pcint drying was next carried cut
under 002 atmgaphere with a.Polaron Equipment Ltd, E3000 Critical Point
Dryer. The samples were mounted on aluminum pegs used for the SEM and
sputter coated with a layer of gold 500—735A° thick, Finally, the

samples were examined on a JEOL Mcdel JSM 255 Scanning-Electrcn

Microscope.

6. Monitoring of Anaerobic Chemocstat

A number of parameters were measured in order to mcnitcr the
condition of the anaerobic chemostat and to insure it was at steady
state. They included daily effluent volume, mixed liquor temperature,
mixed Tiquor pH, daily gas volume produced, gas composition, mixed
liquor volatile suspended solids, mixed liquor total bacteria ccunt, and
feed total, effluent total, and effluent scluble chemical oxygen demand.
The methods are summarized in Table 6.

A. Effluent Volume -- Effluent was collected in a plastic carbey

and the volume was measured each day. The voclume



Table 6.

PARAMETER

Effluent Volume
pi
Gas VYolume

Gas Composition
Volatile Suspended Solids

Total Suspended Bacteria Count
Chemical Oxygen Demand

Temperature

bU,..

Monitoring of Chemostat

TEST PROCEDURE

Graduated Cylinder
Fisher Accumet pH Meter, Model 600
Wet Tip.Gas Meter

Gow-Mac Gas Chromatograph Series 550
Thermal Conductivity Detector

Pried at 103-105°/Combusted at
550°C

Petroff-Hausser Counting Chamber
Closed Reflux, Colorimetric Method

Taylor Dial Thermometer



measurement was done after any leftcover feed in the feed bottle
was emptied into the reactor.

B, pH -- pH was measured by removing a 25 ml sample from the
effluent sample tap. The sanple was allowed tc a sit for 3 toc 5

minutes before the pH reading was taken on a Fisher Accumet

Model 600 pH meter,

C. Gas Production -- Gas producticn readings were recorded each

day at the time the reactcr was fed, The meter was calibrated
every three tc four weeks, A wel Lip meter manufactured by Wet
Tip Gas Meter Company (472 Sharon Drive, Wayne, Pennsylvania,

19087) was dsed.

D, Gas Ccmposition -~ Gas composition was measured on a Gow-Mac

Gas Chromatcgraph with a Series 350 Thermal Conductivity
Detector which was interfaced with a Hewlett Packard 3390
Integratcr. Samples for the experimental reactor were done in
triplicate and averaged. Samples from the inooulatihg reactors
were done in duplicate. The gas chromatograph was calibrated
prior to measurement on a given day wifh the exception of some
measurements during the start-up of the eight day SRT reactor.
Gas measurements were made almost daily during ¢his pericd
(start up of the 8 day SRT reactor) but the gas chromatograph
had not always calibrated before making the measurements. These
data points are noted. It should be pointed out that other

researchers in the lab calibrated the gas chromatograph on a
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daily basis and the gas chromatograph was probably calibrated

almost every day.

E. Volatile Suspended Solids and Chemical Oxygen Demand -~

Volatile suspended sclids (VSS) and chemical oxygen demand (COD)
were performed according to the procedures set feorth in the

sixteenth edition of Standard Methods for the Examination of

Water and Wastewater (17) The sampling technique was as
follows: The recycle pump for the reacter was turned on fer
thirty minutes of continucus operation, At the end of the
thirty miputes, wWwith the recycle pump still on, the effluent
valve Lo the reactcor was c¢losed, Five hundred ml of mixed
liquor was flushed through the effluent sample tap and peoured
back intoc the reactor feed port. Then ancther 500 ml was
removed frcm the effluent sample port and this sample was used
for ¥SS and COD ﬁeasurements. The sample was then mixed with a
magnetic stir bar., Aliqueots for measurements were removed using
pipettes which had sawed off ends or were open ended sé that a
representative sample of particulate matter wouid be ¢btained,

Sciids were captured on and soluble COD samples were filtered
through an ele;en centimeters in diameter Whatman 93L4-AH-filter
{pose size 1.5 um). All solids samples were done in triplicate,.

COD samples were done in duplicate, The feed Lotal COD sample
was dliluted 20 fcld, the effiuent total COD was diluted 5 fold,

the effluent soluble COD was diluted 2 fold to carry cut the COD
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measurements. A standard curve was performed each time a COD

analysis was done, For COD, the spectrophnometric methed was

used.

F. Bacterial Counts —- Total bacteria counts for the suspended

growth of the mixed liquor were done using a Petreoff-Hausser
bacterial counting chamber, The sampling technique from the
chemostat was the same as described above for COD and sclids
analysis. The sample was' diluted by a factor of twenty, The
counts were decne on the Ernst Leitz Wetzlar-SM Phase Contrast

microscope using the 40x objective and a 10x eyepiece,



CHAPTER IV, RESULTS AND DISCUSSION

Steady State Data

Befcre beginning experiments at each particular growth rate, it was
necessary to bring the chemostat to a steady state condition, A listing
of steady state variables which were monitored and an explanatiocn of
these parameters alcng with the actual time trends can be found in
Appendix B,

Initial Attachment Data

Five experimental runs were carried out to count attached bacteria
or take scanning electron microscope pheotographs. These runs are
sunmarized in Table 7.

The data for each of the bacterial counts are summarized in Figures
11 tc 15. The graphs contain a set of data paints for cocel < 0.4
micrcmeters in diameter/slides washed and autoclaved; cocei > 0.6
micrometérs in diameter/slides washed and autcclaved; noncocci/slides
washed and autceclaved; blue-green fluorescing {(methanogenic) bacteria/
slides washed and autceclaved; cocel < 0.6 pm + cocel > 0.6 um +
noncoceci/slides washed and auteelaved; cccei > 0.6 um + noncccei/slides
washed and autoclaved; and cocel > 0.6 ym + noncocei/slides washed and
unautcclaved,

In addition, on each graph a weighted regressicn curve was added for

the cocei < 0.6 um + noncocei/slides washed and autcclaved data set.
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Table 7. Experimental Runs
Dates, Data Obtained, Slide Preparation

Experimental Data Obtained Slide Preperation
Run No. Dates SRT BA = bacterial attach. W = Washed
SEM = Scanning Electron A = Autoclaved
Micrographs U = Unautoclaved

1 L/t /86aU/8/86 20 BA Slides W, A

2 5/2/86-5/28/86 20 BA Slides W, A
20 BA Slides W, U

3 6/1/86+6/8/86 20 SEM Slides W, A
20 BA Slides ¥, U

y T/15/86R7/22/86 8 BA Slides W, A

8 BA Slides W, U

5 8/19/86~8/26/86 8 BA Slides W, A

8 BA Slides W, U

8 SEM Slides W, A



Figure 11

Inoculation Time
Versus
Number 0f Bacteria Irreversibly Attached
Per 10000 Square Micrometers

B 20 Day SRT - 0.05 Volumes Per Day Dilution Rate
a April 1, 1986 Experimental Run
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A = Autoclaved W = Washed U = Unautoclaved



Figure 12

Inoculation Time
Versus
Number 0f Bacteria Irreversibly Attached
Per 10000 Square Micrometers

B 20 Day SRT - 0.05 Yolumes Per Day Dilution Rate
2 May 21, 1986 Experimental Run
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Figure 14

Inoculation Time
Yersus
Number 0f Bacteria Irreversibly Attached
Per 10000 Square Micrometers

8 Day SRT - 0.125 Volumes Per Day Dilution Rate
July 15, 1986 Experimental Run
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Figure 13

Inoculation Time
Yersus
Number 0f Bacteria Irreversibly Attached
Per 10000 Square Micrometers

20 Day SRT - 0.05 Volumes Per Day Dilution Rate

B June 1, 1986 Experimental Run
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Figure 15

Inoculation Time
Yersus
Number 0f Bacteria Irreversibly Attached
Per 10000 Square Micrometers

B 8 Day SRT - 0.125 Volumes Per Day Dilution Rate
: August 19, 1986 Experimental Run
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The model function for the regression curve was

Y = a(1-%) + a(e®™-1) : (8)

where: Y = number of bacteria attached per 10,000 square micrometers
A = maximum number of bacterla that can initially attach per
10,000 square micrometers
K = rate coefficient -~ number of attachment sites/time

disappearing
number of attachment sites remaining

U = specific growth rate number of bacteria/time
produced
number cf bhacteria present

X = incculation time
The model will be discussed in more detail later in this chapter. The
curve was lncluded here to ghow the general pattern of attachment over
time,

Data Analysls

1. Deciding Which Bacteria Counts t¢ Analyze

At the beginning of the data analysis, a few decisions were made
that deserve discussion. Firat, it was decided that the most pertinent
parameter tc consider with respect to the bacteria ccunts was the sum cf
cceel > 0.6 pm in diameter + noncocci. The counts for cocei < 0.6 pym in
diameter wWere generally lcw and remained fairly constant through time.
This category was éreated because it was difficult to be sure whether
these small items were indeed bacteria or whether they were just dust or
other particulate matter,

It was also decided to consider the sum of cocci > 0.6 ym diameter
and noncocel rather than to break these twc categories up. The

categories were initially created during the early attempts to arrive at
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the best way tc count bacteria on slides. 1In these early attempts, a
fluorescent stain, acridine crange, was used to stain the cells and the
counts were carried out ¢n a flucrescence microscope. Slides which were
stained in this manner cften contained many tiny circular droplets (0.2
- 3 uym in diameter) of stain which were difficult tc differentiate frem
bacteria. Hence, it seemed important at that time to create separate
categories in the counts for noncoccel which were definitely bacteria,
and cocei > 0.6 um, for which' there was less certainty that one was
counting‘bacteria as cpposed te¢ droplets of stain, Eventually, the use
cf the stain was given up but the procedure of counting categories was
retained. 1In general, the average counts for each, the coccl > 0.6 um
and the noenecocel at a particular time, were similar. Also, there was
always some uncertainty when making the counts where to categorlize a
short, stubby rod with rounded edges. Was it a coceci or a rcd? Despite
attempts tc be consistent in counting, inevitably sometimes such an
crganism weuld be counted as a cocel, sometimes a noncocci., Thus, the
sum of the twc categories seemed to provide the most relevant
information.

The counts using the fluorescence microsccope were pertinent but
contained scme limitaticns., As was discussed in the literature review,
methanogens are the cnly known bacteria which flucresce blue-green when
illuminated with light of 420 nm wavelength. However, one of the mcst

e o e S e

flucresce (Zehnder et al (44)., Methanothrix scehngenii is important

becauyse Lt ig an acetate utilizing methancgen. Acetate is known tc be
the major intermediate in methancgenesis in digestors., Only two

methancgens are known to be acetate utilizers, Methanosarcina barkeri
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and Methanothrix scehngenii. So the inability to count one of the most

impcrtant methanogens was a significant drawback for this data set and
meant caution was required in the analysis,

Also, scme bacteria fluoresce brightly while others are dim, A
field centaining brightly flucrescing bacteria can make it difficult to
see the dimly fluorescing ones., Further, the fluorescence ¢of the
bacteria tended to fade in about one second., This prcblem was
negotiated by counting many small areas quickly taken together, these
drawbacks restricted the value of completing a formal statisticeal
analysis cn these data.

2. Statistical Design

The data analysis was carried cut using inferential statistics and
descriptive statistics, The experimental design, for the purpcse of
statisties, can be represented as shown in Figure 16, The initial
desire was tc compare bacterial attachment at the two different growth
rates, Replicate runs of each growth rate were done to allow the use cf
inferential statistics., During the second run, it was ncticed that
slide preparation apparently dramatically influenced bacterial
attachment. Sc an extra experimental run on attachment tc unautcclaved
8lides was carried out sc that data for replicate runs on unautcelaved
slides weculd alsoc be avallable. This run was done with the run
performed on June 1, 1986 for scanning electron microscopy. The fact
that run #1 and #3 comparing autoclaved andlunautoclaved gl idea were not
conducted simultanecusly, while for the ¢ther runs, autoclaved and

unautcecl aved experiments were conducted simultanecusly, posed a preblem



Figure 14, Experimental Design -~ Statistiecal Perspective

Growth Rate Slide Inpculation Time Points = Hours

SRT Run # Preparation 0.0 0.08 1.25 2.67 4.67 7.5 14 23 31 43.5 73 165
paired 20 1 W, A
cbservations 20 2 W, A

20 ) Wl

20 3 W, U
paired 8 y W, A
ocbservations B L] W, U
paired 8 5 W, R
observations 8 5 W, U
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for the inferential statistical analysia, The problem was addressed by

using a different methods of analysis of each growih rate for autcclaved

versus unautoclaved data.

3. Inferential Statistics

For the entire duration of this study, from the 1984 to 1987,
intermltent consultation was obtained from the Statistical Consulting
Center at the University of Massachusetts/Amherst. Prcfessicnal
statisticians were consulted abcut the experimental design and fcrmal
statistical analysis using inferential statisties, A more complete
discussicn of inferential statistics used in this study can be found in
Appendix C. A brief synopsis of the analysis follows,

There were two questions addressed by formal inferential statistics
in this study.

1, 1Is there a statistically significant difference in the pattern of
bacterial attachment and initial biofilm development at the two

growth rates tested (8 day SRT vs 20 day SRT)}? and,

"
.

Ts there a statistically significant difference in the pattern of
bacterial attachment and initial biofilm development for the two
slide preparations used (washed/autoclaved vs. washed/unautoclaved)?
The answer to the first question is no. The answer tc seccond questicn
is yes.

To anawer the first question, three different methcds of analysis
were employed. They were a repeated measures growth curve analysis, a
"' fest comparison of growth curve coefficlents using an unweight
regression analysis tc¢ determine the ccefficients, and a "t" test
comparison of growth curve ccefficients using a weighted regressicn

analysis to determine the coefficients, The repeated measures growth
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curve analysis used the individual data points in the statistical
analysis. The "t" test used coefficients, derived from a mathematical
model to describe the pattern of attachment, for the statistical
analysis. The analyses are summarized ét the end of this section,

To answer the second question, three different methods of analysis
alsc were employed, They were a randomized complete block analysis for
the 8 day SRT data, a repeated measures growth curve analysis for the 20
day SRT data, and a "t" teat comparison of the means at each ilncculaticn

time point fer the data at both growth rates. The analyses are

summarized below,

Comparison of Growth Rates

1} Repeated Measures Growth The twWo curves describing
Curve Analysis attachment at different growth rates
were essentially the same curve.
The attachment values changed over
time.
2) "t test Compariscn of
Growth Curve Coefficients
unweighted Hypothesis that the coefficients
were equal between growth rates were
accepied when hypotheses were
considered simultaneocusly or
independently,
welghted Hypotheses that the coefficients
were equal between growth rates were
accepted when the hypctheses were
considered simultanecusly or
independently.
Compariscn of Slide Preparaticn Autoccglaved vs Unautoclaved
1) Randomized Complete Block The null hypothesis tests if the
Analysis (B day SRT omly) mean Gifference {(bLetween autcelaved

and unautcclaved) were equal at each
time point, It was known that the
mean differences was approximately O
at time zerc. Thus ' the null
hypothesis tested if the twoc curves
were the same curve, The null
hypothesis was rejected for the 3
day SRT data. '



2)

3)

o/

Repeated Measures Growth The analysis concluded that the

Curve Analysis (20 day SRT only) curves for autoclaved versus
unautoclaved slides vwere very
different, They were not parallel.
Their overall mean values were
different, and their values changed

over time,
t Test Comparison of the Means The "t" test compared the mean
at Each Time Point attachment at each incculation time

point. The null hypothesis was that
the means of attachment numher at a
certalin inoculation time were equal
for autoclaved and unautcclaved
slideas. For the 8 day SRT, the null
hypothesis was rejected at 5 out of
the 6 non-zerc inoculaticn times.
For the 20 day SRT, the descriptive
level of the test was less than
0.085 in 3 out of the 4 non-zerc
inoculation times,

Descriptive Statistics

The attachment data was alsoc considered using descriptive
statistics, The mest ifmpertant data for each growth rate can be shown
on a single graph. Figure 17 is a graph of incculaticn time versus
number of bacteria attached per 10,000 square micrometers for the 20 day
SRT. Figure 18 is for the 8 day SRT data. Each data point on these
graphs represents the average number of bacteria attached at the
particular inoculaﬁion time for the replicate experimental runs, Only
three categories of organism type/slide preparation technique are shown
in these graphs. They are cocci > 0.6 pm + noncocci/slides washed and
autccliaved; cocel > 0.6 ym + nonececi/slides washed and unautoelaved;
and blue-green flucorescing bacteria. Also included on these graphs for
washed/autoclaved slide preparations, and for the blue-green fluorescing

bacteria, are the least squares regression curves far the first order
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Figure 17. 20 Day SRT Data

1st Order Model
Inoculation Time
Yersus

Number 0f Bacteria Irreversibly Attached
Per 10000 Square Micrometers

20 Day SRT - 0.05 Volumes Per Day Dilution Rate

Inoculation Time In Hours

Coceci » 0.8 Microns + Noncocci
Slides Washed/Autoclaved

...... Cocci > 0.6 Microns + Noncocei

Slides Washed/Unautoclaved

Blue-green Fluorescing Bacteria (Methanogens)
Slides Washed/Autoclaved ’
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127.5%(1-exp(0.069+t)) + A+(exp(0.0039xt)-1)



Figure 18, 8 Day SRT Data
lst Ordexr Model

Inoculation Time
Versus
Number 0f Bacteria Irreversibly Attached
Per 10000 Square Micrometers

8 Day SRT - 0.125 Volumes Per Day Dilution Rate
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medel described earlier. In Figures 19 and 20 the same graphs are shown
with the Michaelis-Menten type model., Figure 21 shows that the curves
cbtained by the twc models are very similar.

The following cbservations and conclusions can be made frcecm
inapecticn cf Figures 17 to 21, Bacteria from methane-forming anaercobic
chemostat cultures attached rapidly to washed/autoclaved glass slides in
the attachment vessel. Within one to three hours, the number of
irreversibly attached bacteria increased by two orders of magnltude from
0 bacteria per 10,000 square micrometers to 100 to 250 bacteria per
10,000 square micrometers, Initial attachment plateaued between 3 hcurs
and 2 days inoculaticn fime in the range of 200 to 350 bacteria per
10,000 square micrometers. Only a slow increase in the number of
irreversibly attached was measured after the initial rapid increase.
The counts of total bacteria after one week of inoculation were in the
range of 250 to 450 bacteria per 10,000. From the results of the
inferential statistics analysis no appreciable differences can be noted
in the pattern of attachment on washed/autoclaved glass alides for the
coeei > 0.6 u;n and noncocei from inoculation cultures at the 8 day SRT
versus the 20 day SRT. Bacteria which have been f1luminated with light
of 420 nm and fluoresce blue-green (methancgens) als¢c attached rapidly
to washed/autoclaved glass slides., The counts of methanogenic bacteria
Wwere generally 25% to 75% as high as the counts of tctal bacteria,

Autoclaving as a final step in the wash prceedure had a dramatic
effect ¢n attachment. The counts of irreversibly attached bacteria on

washed/unautoclaved slides over time were one half t¢ one and one half
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Figure 19, 20 bay SRT Data

Michaelis-Menten Type Model
Inoculation Time
Versus
Number of Bacteria Irreversibly Attached
Per 10000 Square Micrometers

20 Day SRT - 0.05 Volumes Per Day Dilution Rate

0 40 60 &0 10 120 140 160
Inoculation Time In Bours
n Cocci 5 0.6 um + Noncocei

Slides Washed/Autoclaved

-~ Qocecl > 0.6 um + Noncocci

v

Slides Washed/Unautoclaved

Blue-green Fluorescing Bacteria (Methanogens)
Slides Washed/Autoclaved

(288.6+t) /{t+1.73) + 288.6+(exp’0.00214%t)-1)
(135.8xt)/(t+0.87) + 135.04 (exp(0.00348xt)-1)

g-L
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Figure 20. 8 Day SRT Data
Michaelis-Menten Type Model

Inoculation Time
_ Versus
Number O0f Bacteria Irreversibly Attached
Per 10000 Square Micrometers

8 Day SRT - 0.125 Volumes Per Day Dilution Rate

1 L l L

1 ] ] i
1 1 T 1 T ¥ L T

2 9 60 0 100 120 140 160

Inoculation Time In Hours

[ | Cocci > 0.8 um + Noncocei
Slides Washed/Autoclaved

-—@~— Qocei > 0.6 um + Noncocci
Slides Washed/Unautoclaved
Blue-green Fluorescing Bacteria (Methanogens)
8lides Washed/Autoclaved
(208*t)/(t+1.16) + 208#*(exp(2.87e-03+t)-1)
----- (96.8+t)/(t+3.99)+99.8+(exp(3.73e-05xt)-1)

v
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Figure 21, "8 Day SRT Data
Comparison..of Models

Inoculation Time
Versus
Number 0f Bacteria Irreversibly Attached
Per 10000 Square Micrometers

8 Day SRT - 0.125 Volumes Per Day Dilution Rate

Inoculation Time In Hours

m Coceci > 0.6 um + Nencocci
Slides Washed/Autoclaved
we g Cocei > 0.6 um + Noncocci
S8lides Washed/Upautoclaved
¥ Blue-green Fluorescing Bacteria (Methanogens)
Slides Washed/Autoclaved
(208#¢)/(t+1.16) + 208+« (exp(2.87e-03%¢t)~1)
----- (89.8xt)/(t+3.99)+99.8%(exp(3.73e-05xt)-1)
-------- 192.4%(1-exp(-0.62%1t)}+192.4% (exp(0.003394t)-1)
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orders at magnitude lower than the corresponding counts for washed,
autoclaved slides. The differences between data for auteclaved and
unautocliaved slides was confirmed using inferential statistiecs.

For washed/unautoclaved slides higher numbers of irreversibly
attached bacteria were found on slides which were exposed to the 20 day
SRT culture when compared tc the 8 day SRT culture.

Table 8 summarizes the values that were obtained for the growth
rate, p, in the two models. Both the values that were obtained in the
Iinferential statistical analysis and the values determined from the
modgl to fit data points representing averages of the replicate runs are
included. 1In all cases, the growth rate value Were of a similar crder
cf magnitude as the chemostat that was feeding the attachment vessel.
The bacteria from the 8 day SRT chemcstat appear to have a slightly
higher growth rate.

Phase Contrast Microscope Photographs

Figure 22 is5 an inoculation time sequence of attachment phctcgraphs
of the 8 day SRT culture/autcclaved slide preparation for incculaticn
times ranging from 0 to 166 hours. Photographs provide a realistic’
presentation of what was seen under the phase contrast microscope when
the bacteria counts were done, Note that within minutes, significant
cecnecentrations of cells can be found irreversibly attached t¢ the
microscope slide (b)Y, Bacteria are attached as single cells and in
clumps, Mixed clumps, single cell type clumps, and single cell chains
were attached tc the surface within minutes and the first few hours. It
is not possible to see in the still photographs, but many rods were

attached on one ¢f their short diameter ends while the rest cf the




Table 8.

Summary of Values QObtained for Growth Rates

From Descriptive and Inferential Statistics
Growth Rates - Cocci > 0.6 um + Noncocel

Descriptive Statistics Values

20 Day SRT

B Day 3RT

First Order Model
Michael is-Menten
Type Model

First Order Model
Michael is-Menten
Type Model

Inferential Statistics Values

20 Day SRT

8 Day SRT

Unwelighted-Average of
Coefficients for
Individual Curves

Weighted-Average of
Coefficients for
Individual Curves

Unweighted-Average of
Coefficients for
Indjvidual Runs

Weighted-Average of
Coefficients for
Individual Runs

u SRT
doublings days per
per hour doubling
.00285 14.6
00714 19.5
.00339 12.3
.00287 14.5
.002764 15.07
.003284 12.69
.00341 12.2
.003259 12.8

/0
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Figure 22, Attachment Sequence - Phase Contrast - 8 Day SRT

Slides Washed and Autoclaved

Inoculation Times in Hours:

Bar = 10 micrometers

{a} 0, (b) 0.083, (c) 1.25, {(d) 2.75, (e) 4.67,
(f£) 7.5, (g) 14.0, (h) 23.0, (i) 31.0, (j) 49.5,
(k) 73.5, (1) 166.0, .
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bacterium mcoved vigorously. Other rods appeared tc be attached by long
thin, threadlike, appendages. QOne of these can be seen in (k) three
quarters of the way up the photc in the center, The clumps grew larger
at longer inoculation times and it became more difficult to
differentiate individual bacteria at.the longer incculation times.
Figure 23 is an inoculaticn time sequence of attachment phoctographs
of the 8 day SRT culture/unautoclaved slide preparation for inoculation
times ranging from O tc 166 hours, The photographs show very little
attachment., A dramatic difference can be seen when these phdtographs

are compared with phctographs of washed/autceclaved slides (Figure 22).

Scanning Electron Microscopy

A selection of scanning electron microscope photographs are shown in
Figures 24 t¢ 28. 1Included are an dincoculation time sequence of
photographs for beth the 20 day SRT (Figure 24) and the 8§ day SRT
{(Figure 25), a plate ¢f conspicuous attachment structures and small
attached clumps (Figure 26) and two plates of large clumps and other
photographs (Figures 27 and 28).

Figure 24 shcws a selection of scanning eleétron microsccpe (SEM)
photegraphs over a range cof ingoculation times from O hours to 134 hours
for the 20 day SRT culture. It can be seen that within minutes,
significant concentrations cf cells were foeund on the surface (b).
Mixed clumps, single cell type clumps, and single cell chains were
attached t¢ the surface within minutes and the first few hours (b, ¢, d,
e, £}, Single bacteria als¢ attached to the surface initially (b, ¢, d,
e, f). Scme cells appeared toc be attached by conspicucus fibers or

appendages (e, d, e, €, g, h, i). Some cells did not appear to be
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Figure 23. Attachment Sequence - Phase Contrast - 8 Day SRT

0.125 Volumes/Day Dilution Rate

Slides Washed and Unautoclaved

Bar = 10 micrometers -

Inoculation Times in Hours: (a) 0, (b) 5, (e) 14.5, (d) 31, (e) 130,
(f) 166,
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Figure 24, Attachment Sequence - Scanning Electron Microscope
20 Day SRT - 0.0% Volumes/Day Dilution Rate
Slides Washed and Autoclaved

Specimen Stage Angle = 45% (¢ & h are 09)

Bar = 10 micrometers

Inoculation Time in Hours: (a) 0.0, (b) 0.25, (¢) t.25, (d) 4.67, (e) 7.5,
(£) 16.5, (g) 49, (h) 76.5, (i) 134.






Figure 25. Attachment Sequence — Scanning Electron Microscope
8 Day SRT - 0.125 Volumes/Day Dilution Rate -

Slides Washed and Autoclaved — Specimen Stage Angle = 45°

Bar = 10 micrometers

Inoculation Time In Hours: (a) 0.0, (b) 0.25, (c) 1.25, (d) 2.67, (e) 4.83,
(f) 16, {g) 50, (h) 76.5, (i) 120.
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Figure 26. Conspicuous Attachment Structures - Scanning Electron Microscope
Slides Washed and Autoclaved (h ~ unautoelaved)

Bar = 1 micrometer

Information listed below for each photo is inoculation time in hours,

specimen stage angle, and s0lids retention time:

(a) 1.26, 45°, 20; (b) 4.67, 0°, 20; {c) 0.25, 0° 20; (d) 0.25, 45°, 8;

(e) 76.5, 45°, 20; {f) 2.67, 45°, 20; (g) 4.67, u5°, 20; (n) 5.0, 0°,

20; (1), 134, 0°, 20; (J, k) 1.25, 45°, 8; (L) 4.83, 45° 8; (m) 4.67,

0°, 20; (n) 0.25, u5°, 8; (o) 0.25, U5°, 8; (p) 1.25, 45°, 20.
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Figure 27.

Other Scanning Electron Microscope Photographs

Informatbion listed below for each photograph is inoculation time in days,

solids retention time, specimen stage angle. bar length in micrometers,

(a)

(0}

{e)

(d)

{e)

(e}

16, 8, 0°,
16, 8, 0;,
16, 8, 0°,
12, 8, 0°,
12, 8, 0°,
16, 8, 0°,

10 —

10 -~

1q -

10 —

10 -

Note difference in tone surrcunding clumps of bacteria

-~ possibly due to extracellurlar materials or
secretions by the cells.

Note difference in tone surrounding c¢lumps of bacteria

- possibly due to extracellular materials or
secretions by Lhe cells,

Note diversity of morphoiogical cell types,

extracellular material, and clumped attachment and
growth,

Note diversaity of morphological cell types,

extracellular material, and clumped attachment and
growth.

Note diversity of morphological ecell types,

extracnllar material and clumped attachment and
grovin.

Note diversity of morphological cell types,

extracellular maerial, and clumped attachment and
growth,

82
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Figure 28. Other Scanning Electron Microscope Photographs

Information listed below for each photograph is inoculation time, solids
retention time in days, specimen stage angle, bar length in micrometers,

(a) 12 days, 8, ¥5°, 20 —— Note extracellular material and clumped
attachment and growth.

{p) 12 days, 8, 45°, 10 -~— Note extracellular material and clumped
attachment and growth.

{e) 12 days, 8, 45%, 10 —

]

Note extracellular material and clumped
attachment and growih.

(d) 16 days, 8, 45°, 10 —— Note extracellular material and clumped
attachment and growth.

{e) 15 min, 20, 45%, 10 -~ Note large scratch — possibly an example of

initial organic film,

(f) 76.5 hrs, 20, 0°, 10 - Note extracellular filamentous material.
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:stttached by consplcucus fibers or appendages (b, ¢, d, e f, g , h, 1},
At the lcnger inoculation times, mcre extracellular, fiber~like materlal
was seen (f, g, h)., Branching or distinct angular sections of the
extracellular fiber-like material can be seen abt longer incculaticn
times (nh). At the longest incculation time, amcrpnus extracellular

material can be seen (i).

Figure 25 shows a selection of 3EM photographs cver a range of
incculaticn times from O hours to 120 hours for the 8 day SRT culture.
Many cf the comments abcut attachment of the 20 day SRT culture apply to
the 8 day SRT culture but there are a few differences. Once again, it
can be seen that within minutes, significant concentrations of cells can
be found on the surface (b). Mixed clumps, single cell type clumps (b,
¢, 4, &, f) and single cell chains (see Figure 26, n) are attached
within minutes and the first hours of incculation. Single bacteria are
als¢ attached to surface initially (b, ¢, d, e, £, g). Some cells
appear to be attached by conspicucus fibers or appendages (b, ¢, d, e,
f, g) but these are less evident than those found in the 20 day SRT
photographs, Some c¢ells do not appear Lo be attached by conspicucus
fibers or appendages (b, ¢, d, ¢, £, g, h). Unlike the 20 day SRT,
there was not a lgt more extracellular fiber-like material visualized at
the later lnoculation times. Extracellular amorphous material is not
shcwn in this figure for the 8 day SRT culture but it was seen in other
long inoculation time 8 day SRT cultures (see Figure 27 and 28).
Finally, some of the merphologlical types of bacteria seen in the 8 day
SRT cultures are similar toc the 20 day SRT culture and some are

different,
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Figure 26 shows conaplicucus abtachiment atructures that woro seon In

the SEM study (a~m) and clumps of baclerla attached at very shorl

inoculaticn times (n-p). Extracellular straight, fiber~-like material

apparently used for bacterial attachment was seen (a,c, f, g, m} that

seemed tg fuse and flatten where it contacted the surface. Rods were

seen with a square or rectangular *foot" apparently used for attachment
either at the and of the rod (b), or at the end of a long slender

appendage extending from the main body of the rod (j, k). Curved

filament-1like appendages with distinct, stightly thicker ends at the

attachment sight were seen (d, h}). 0On one ocecdasicn a ring-like

structure was observed (e). Very short appendages or extracellular

material was seen {1). A fuzzy border surrcunding an entire cell was

also seen (i).

Photegraphs 26, n, ¢, and p were included to show that clumps and

chains aof cells were alsc attached at very early times (1.25 hours or

less),

Figure 27 shows more SEM phcotographs cf the attached 8 day SRT

culfure at much longer incculation times, twelve and sixteen days. AlL

the photcgraphs show the dramatic development of mixed cell clumps and

extracellular gluelike material., Photo (a) was included to show a low

magnification perspective of the bacteria attached to the surface and
the tone shading difference that was noticeable around the clumps cf
bacteria and siﬁgle bacteria, The cause of these rings is unknown but
one can speculate they are the result of elther extracellular producticn

of polymers or extracellular secretion of enzymes breaking down organic

molecules attached to the surface, Photo (b) is a higher magnification

phcetegraph of a clump surrcunded by one of these rings. Photcs (¢},

H

9
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{d), (&), and (f) are included $c show high magnification photographs oé
the extensive development of the clumps of bacteria. Note the diversity
of morphological cell types, extracellular amorphus and fiber—like
material, and the large diameter of the élumps.
Figure 28 shows more long inocculaticn time ¢lumps {a~d), one
photograph possibly showing an initial layer or crganic molecules on the
glass surface, and one photograph showing more extracellular fiber~like
material. Photes (a), (b}, and (c) are relativeiy low magnification
photographs of extremely large, clumped growth, There is alsc extensive
presence of the extracellular glue-like material. In {c),lthe glue=like
material seems tc¢ have moved far away from the cells or clumps. The
curved parallel lines which would be bisected by an axlis running from
the lower left tc the upper right of the photegraph might be scme sort
of scratch caused during the cleaning process, The glue-like material
appears to be draped over the gap caused by the scraftches; (d) alsc
shows the extensive presence of extraceilular material. Many of the
bacteria appear to have le¢st their distinet shapes and appear as if
covered with snow. Nevertheless, there are a few bacteria on tcp of the
others which still have a distinct shape. The theocry of bacterial
attachment suppcses that a layer of organic molecules forms very rapidly
on a surface before the bacteria attach. Photc (e) was included t¢ show
what may be an example of that film of organie molecules. This is‘a
fifteen minute inoculaticn time photograph. 1t appears the section was
scratched during the SEM fixing or drying procedure revealing the
initial organic film. Photc (f) was included as another example of

extracellular fiber development. Thia was a 76.5 hour incculaticn time

from the 20 day SRT culture,
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CHAPTER V. SUMMARY AND CONCLUSIONS

Based on the results of this study, the following conclusiona can be

maede:

1.

Bacteria from methane-forming chemostat cultures attached rapidly to
chromic acid washed/autoclaved glass slides in a quiescent envircnment.
Within cne to three hours, the number of irreversibly attached bacteria
increased by twe orders of magnitude from O bacteria per 10,000 square
micrcmeters to 100 to 250 bactieria per 10,000 square microcmeters.
Initial attachment plateaued between 3 hours and 2 days inoculation time
in the range of 200 to 350 bacteria per 10,000 square micrometers,

After initial attachment, only a slcw increase in the number of

irreversibly attached cells was cbserved. The growth rate was of the

same order of magnitude as the grewth rate for the bacterial cultures

from the chemcstat, The counts of total bacteria after one week of

inceulation were in the range of 250 to 450 bacteria per 10,000 square

micrometers,

Twc mathematical mcdels were developed to describe early attachment and

growth, Each model contained three coefficients to describe the pattern

of early attachment and growth. In the first order attachment model the

following coefficients were used:

A, = maximum number of cells that can initially attach

rk = rate cecefficient indicating the rate that initial attachment
sites are disappearing

pu = rate cocefficient indicating the rate cells reprcduce once they

are attached

The first ¢rder attachment model is:
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Y o= h, (1- &%y v a, (-1
Y = number cf bacteria irreversibly attached

t = inoculation time

In the Michaelis-Menten type mcdel the following coefficients were used:

=
o
1

= maximum number o©f cells that can Iinitially attache
Kt = incculation time when the number of attached cells is cne half
the maximum number of initially attached cells (A,/2)

n = rate coefficient indicating the rate cells reproduce cnce they
are attached
The Michaelis-Menten type mcdel is

(B, ©)
A, + Km)

b + A, (cut -1)

Y = number cf bacteria irreversibly attached

t = inoculation time
No statistical difference could be nocted in the pattern of attachment on
chromic¢ acid washed/autoclaved glass slides for the coccl > 0.6 pm +
nocncocel from inoculum cultures growing at an 8 day SRT and a 20 day
SRT. However, the small number of replications and the large wvariance
in the attachment counts makes the probability of a Type IL errcr
(failing to statistically note a true difference in the curves) high,
For future experiments, the only way to reduce the probability of a Type
IT error are tc increase the number of times the experiment is carried
out or reduce the variance in the bacteria counts,

Bacteria which have beéen illuminated with light at 420 nm and fluoresce

blue~green {(methancgens) alsc attach rapidly to chronic acid

washed/autoclaved glass slides, The counts of methanogenic bacteria

were generally 25% to 75% as high as the counts of total bacteria,




6.

(&b

Autoclaving as a final step in slide washing procedure had a dramatic
effect on attachment, The counts of irreversibly attached bacteria on
chromic acid washed/unautoclaved slides over time were one half to one
and one half orders of magnitude lower than the corresponding counts for
chromic acid washed, unautoclaved alides. The difference between the
data for autoelaved and unautcclaved slides was statistically
significant,

Scanning electron microscopy revealed five notewcrthy items,

a. Some bacteria possess conspicuous attachment structures., After 1 to
2 days inoculation, ocne begins-to notice the production of
extracellular fiber like material. These fibers have been observed
in dental studies alsc.

b. Between 2 days and 2 weeks inoculation time, there begins t¢ be an
extensive production of extracellular material that lccks like glue
cr snow and is spread everywhere.

¢. Bacteria are found singly but alsc found in large clumps or

colonies,

d. The coclonies are often covered or interspersed with the glue-like

material,

€. Some coleonies appear to have a ring around them. One must suppose
this is either extracellular material the cells have secreted or the
result of the secreticn of extracellular enzymes.

An anaerobic attachment vessel was developed which allows the systematic

investigaticn of the attachment of anaerobic bacteria tc miecroscope

slides or other surfaces,

’
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Table A=1. Time Sequence -~ Sampling and Bacteria Counts
April Experimental Run
Start Time 2:20 p.m, -= April 1, 1986

0
=]
Elapsed Time Elapsed Time
Autoclaved (A)  Inoculation Sampling Time Phase Contrast Count Between Flourescence Count Between Comment
or Time Sampling and Sampling and
Unautoclaved (U} Hours Time bDate Time pDate Countling Time Date Counting
A .08 2:25 pm 4/1/86 3:05 pm /1786 40 min, DNR h/u/86 3 days
A 1.25 3:35 pm 4/1/86 i1l pm 471786 40 min. DNR u/4/86 3 days
h]
A 2.58 4:55 pm L/1/86 5:5% pm n/1/86 1 hrs. 12:10 pm 4/4/86 67.25 hrs.
A 4,67 T:00 pm 4/1/86 8:05 pm k/1/86 1.08 hrs, 11:50 am 4/u/86 64.83 hrs,
A 7.5 9:50 pm 4/1/86 11:30 pm b/1/86 1.67 hrs, 2:40 pm 474786 64.83 hrs.
A 13.5 3:50 am 472786 11:20 am 4/2/86 7.5 hrs, 6:15 pm 4s4/86 62.42 hrs.
A 23 1:20 pm 4/2/86 3:35 pm 472786 2.25 hra, DNR 4su/86 2 days
A 31 9:20 pm U/2/86 10:00 pm 4/2/86 40 min. 11:00 am L/4s86 T 37.67 trs.
A 4g.5 3:50 pm  4/3/86 4:35 pm 4/3/86 45 min, 10:35 am 4s7/86 90.75 hrs.
A 73.5 3:50 pm 4/4/86 4:50 pm §/4/86 50 min. DNR DNR
A 165 11:20 am /8786 1:20 pm W/ 8/86 2 nrs. 11:40 am L4L/8/86 20 min,
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Table A-2.

Time Sequence -- Sampling and Bacteria Counts
May Experimental Run
Start Time 2:20 p.m. -~ May 21, 1986

Elapsed Time Elapsed Time

Autoglaved (A)  Inoculation Sampling Time Phase Contrast Count Between Flourescence Count Between Comment

or Time Sampling and Sampling and
Unautnelaved {U} Hours Time Date Time Date Caounting Time Date Counting

A o 11:00 am 5/21/86 11:30 am 5/21/86 30 min, 11:30 am 5/21/86 30 min.

A .083 2:25 pm 5/21/86 2:55 pm 5/21/B6 30 min. 2:05 pm 5/26/86 119,67 hra.

A 1.25 3:35 pm 5/21/86 5:30 pm 5/21/86 1.92 hrs, DNR 5/26/86 5 days

A 2.67 5:00 pm  5/21/86 8:00 pm  5/21/86 3 hra, DINR 5/26/86 5 days

A 4.67 7:00 pm 5/21/86 12:00 noon 5/22/86 17 hrs, DNR 5/25/86 4 days

A 7.5 9:50 pm 5/21/86 2:25 pm 5/22/86 16.58 hra. DHR 5/25/86 4 days

A T4.75 5:05 am 5/22/86 5:20 pm 6/22/86 12,25 hrs. 10:30 pm 5/25/86 89.42 days

A 23 1:20 pm 5/22/86 6:55 pm 5/22/B86 5.58 hra. 4:15 pm 5/25/86 74,92 hrs.

A 3 9:20 pm 5/22/86 DNR 5/23/86 1 day 1Q:00 pm 5/25/86 T2.67 hrs.

. A 54.5 8:50 pm  5/23/86 9:45 pm 5/23/86 55 min, 3:30 pm 5/25/86 43,53 hrs.

A 73.5 3:50 pm 5/23/86 5:00 pm 5/24/86 25.16 hra. 2:45 pm 5/25/86 46.92 hrs.

I3 129.75 12:05 am 5/27/86 11:20 am 5727786 11:25 hrs, 11:3C am 5/29/86 59,42 hrs.

& 165 11:20 am 5/2B/86 -10:15 pm 5/28/86 10.92 hrs. DNR 5/29/86 1 day

li Q 11:05 am 5/27/86 11:10 am 5/27/86 5 min.

U 1.417 3:45 pm 5/21/86 3:25 pm 5/23/86 U7.67 hrs.

u 5 T:20 pm 5/721/86 $:35 pm 5/24/8% 66,25 hrs.

U ?5 5:20 am  5/22/86 2:30 pm 5/2u4/86 57.16 hrs.

1 74 4:20 pm  5/24/B6 12:05 am 6/25/86 7.75 hrs.
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Table a-3.

Time Sequence -- Sempling and Bacteria Counts
June Experimental Run
Start Time 6:05 p.m. ~=

DNR did not record -- Fluorescence count not recorded
Elapsed Time Elapsed Time

Autcclaved (A4) Inoculation Sampling Time Phase Contrast Count Between Flourescence Count Between Comment

or Time Sampling and Sampling and
Unautoclaved (U) Hours Time Date Time Date Counting Time Date Counting

U 0 1:40 pm 6/1/86 1:45 pm 6/1/86 5 min,

U 1.42 7:30 pm  6/1/86 9:50 pm 6/1/86 2.33 min.

U 5 11:05 pm  6/1/86 11:55 pm 6/1/86 50 min,

U 15.% 9:35 am 6/2/B6 G:40 am 6/2/86 5 min.

U 50 B:05 pm  6/3/86 2:20 pm 6/7/86 90.25 hrs.

u 7 11:05 pm  6/4/786 DNR 6/5/86 1 day



Table aA-4. Time Sequence -- Sampling and Bacteria Counts
July Experimental Run
- Btart Time: 3:25 p.m.
DNR = did not record
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Etapsed Time Elapsed Time
tutoclaved () Inoculation Sampling Time Phase Contrast Count Between Flourescence Count Between Comment
ar Time Sampling and Sampling and
Unautoclaved (U} Hours Time Date Time Date Counting Time Date Counting
I3 o] 12:55% pm  7/15/86 1:00 pm T/15/86 5 min, 7/23/86 5 min, blank sample
’ taken on 7/23
A 083 3:10 pm 7/15/86 3:35 pm 7/15/86 25 min, 9:30 pm /1186 5%.33 hrs,
Iy 1.33 h:25 pm  71/15/86 5:00 pm 7/15/86 35 min. 9:50 pm 7/17/86 53.417 hrs,
A 2.75 5:50 pm  7/15/86 6:40 pm T/15/86 50 min. 10:15 pm 7/17/86 52,417 hrs.
& 4.67 7:U45 pm 7/15/86 8:40 pm T/15/84 55 min. 10:35 pm 7/17/86 50.83 nrs,
A 7.67 10:45 pm  7/15/86 11:20 pm 7/15/86 35 min, DNR T/17/86 2 days
[ 14.Q 5:05 am  7/16/86 11:55 am 7/16/88 6.83 nrs, 11:30 pm T/17/86 42417 hrs.
& 23.0 2:05 pm Tk\ﬁ/B? 3:35 pm T/16/87 t.5 hrs, DNR DNé DNR
A 31.m7 10:30 pm 7/16/87 2:00 pm T/17/86 1%.5 hrs, 4k:10 pm 7/18/B6 41,67 hrs,
A 49.5 4:35 pm  7/17/86 8:15 pm 7/17/86 3.67 hrs, 2:20 pm 7/20/86 7t.75 hrs.
A 3.5 4:35 pm  7/18/86 1:25 pm T/193/86 20.83 hrs. 3:10 pm 7/20/86 46.583 hrs.
A 129.5 DNR 7/21/86 DNR 7/21786 < 1 day 11:05 pm 7/21/86 < 1 day
A 165 12:05 pm  7/22/86 4:50 pm 1/22/86 75 hrs. 12:05 am 7/23/86 12 hra,
u 0 1:55 pm  7/15/86 2:00 pm 7/15/86 5 mins,
U 1.5 4:35 pm  7/15/86 12:55 pm 7/16/86 20.33 hrs,
Y 5 B:05 pr  T/15/B6 1:15 pm T/16/8% 1T.16 hrs.
u 14,67 5:45 am  7/16/86 5:05 pm 7/16/86 11.33 hrs.
u 49.5 4:35 pm  7/17/86 1:40 pm  7/18/86 21.08 hrs.
U 74 5:05 pm  7/18/86 1:35 pm T/2C/86 Lu.5 hrs,
y 165.5 12:30 pm  7/22/56 6:10 pm 7/22/86 5:07 hrs,



Table A-5, Time Sequence -~ Sampling and Bacteria Counts
August Experimental Run
Start Time: 2:55 p.m. (8/19/86)
DNR = did not record®

&
. Elapsed Time Elapsed Time
hutoclaved (A) Inoculation Sampling Time Phase Contrast Count Between Flourescence Count Between Comment
ar Time Sampling and Sampling and
Unautoclaved (1)) Hours Time Date Time Date Counting Tige Date Counting
A o 1:35 pm  8/19/86 1:40 pm 8/19/86 5 min. 10:5C am 8/22/86 5 min, Flourescence
blank sample
taken on 8/2
A 0.083 3:00 pm B8/19/86 3:30 pm 8/19/86 30 min, DNR DNR DNR
A 1.73 4:15 pm  8/19/86 5:00 pm  B/19/86 45 min. 9:15 am  8/22/86  65.33 hrs.
A 2,75 5:40 pm  8/19/86 6:55 pm  8/19/86 1:25 hrs.  3:25 pm  8/21/86  45.75 hrs.
A b7 7:40 pm 8/19/86 9:00 pm  8/19/86 1:33 hrs,  N:40 pm  8/21/86 45 hrs.
A 7.67 10:35 pm 8/19/86 10:55 am 8/20/86 12.33 hrs. 11:10 am B/22/86 60.58 hrs,
A 18 4:55 am 8/20/86 12:05 pm 8/720/86 7.16 hrs, 11:35 am B/22/86 54,67 hrs,
A 23 1:55 pm  8/20/86 3:05 pm 8/20/86 1.16 hrs. 12:10 pm B8/22/86 46.25 hrs.
A 31 9:55 pm  8/20/86 9:30 am B/21/86 11.58 hrs.  12:35 pr B/23/86 62.67 hrs.
A 49.5 4:25 pm 8/21/86 DNR B/22/86 1 day DNE DNR DNR
A 73;5 4:25 pm B8/22/86 G:00 pm 8/22/86 4,58 hrs, DNR DNR DNR
A 130 12:55 am 8/25/86 3:25 pm 8/25/86 1“:5 hrs. 10:55 am 8§/26/86 34 nrs.
A 166 12:55 pm  B/26/86 $:30 pm B/26/86 8:58 hrs, 3:55 pm 8/27/86 27 nrs.
U o] 1:45 pm  8/19/86 1:50 pm 8/19/86 5 min.
u 1.5 4:25 pm  8/19/86 Y:15 pm  B/20/86 23,83 hrs.
U 5 7:55 pm  8/19/86 DNR 8/20/86 1 day
] 14.5 5:25 am 8/20/86 4:00 pm 8/20/86 11.2% hrs,
u 31 9:55 pm 8/20/86 2:45 pm 8/21/86 16.83 hrs.
U 49.5 4:25 pm 8/21/86 DNR B/22/86 1 day
y 73.5 U:35 pm  8/22/86 5:55 pm  8/23/86 25.5 nrs.
U 13C¢ 12:55 am 8/25/86 DNR 8725786 1 day
U 166 3:55 pm 8/26/86 10:5% pm B/26/86 7 hrs.
-~
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APPENDIX B. STEADY STATE CHEMOSTAT DATA

Pricor to beginning experiments at a particular growth rate, it was

necessary to bring the chemostat to a steady state condition, One rule of

thumb often used i3 that a chemostat must be operated at least three times

as long as the solids retention time to achieve stedy state operation. The

timing of the experimental runs in relation to the days after start-up i3

shewn in Table B-1. There are alsc a number of parameters which, taken

tcgether, give cne a gocd idea of the condition of a methane-forming,

anaerohic chemostat culture., The steady variables monitored in this study

are listed below. They include:

a}
b)
)
d)
e)

)

g)

h)

effluent voclume
temperature

bacteria concentraticn
volatile suspended sclids
pH

feed total, effluent total, and effluent soluble chemical oxygen
demand

gas composition, and ~

gas preoduction rate

A brief discussiocn of these parameters 1s included below,

a)

Effiuent Volume -~ An experimenter determines the growth rate of

chemostat by the rate that the mixed liquor c¢f the chemostat
(including the cells) are washed out of the reactor vessel. Thus
the effluent volume measurement shows what vclume of the mixed
liquor is being washed through ecach day, A conatant effluent volume
lets the researcher know that a constant growth rae 1s being

maintained.
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Table B-1. Timing of Experimental Runs in Relatlion to Start-Up of
Chemostat at a Particular Growbh RHate.
Days After Start-Up
Day of at the Growth Rate
Run # Days Dates Operation Tested
3 20 471/86 - 4/8/86 482 ~ 489 g2
2 20 5/21/86 - 5/28/86 532 - 539 532
3 20 6/1/86 - 6/8/86 543 - 550 543
Y 8 7/15/86 — 7/22/86 587 ~ 594 24
5 8 8/19/36 - 8/26/86 623 - 630 60



b}

U

Temparaturae - Temperature L5 an important factor influencing the

metabecliic rates of micrcorganisms., It should be kept as constant as

possible.

a)

4)

o)

£)

z)

EﬂEEEEEEaEEEEEEEEEEEQQ - Other workers have shown bacteria
concentration in the bulk fluid has, an influence ¢n attachemnt.
Bacteria concentration in a chemostat is influenced by feed strength
and growth rate. 1In the set of experiments described in this study,
the feed strength was altered tc compensate for the different growth
rates and to try to obtain the same organism concentration at the
two grewth raes, A chemoétat operating at steady state has a
constant bacteria concentraticn,

Volatile Suspended 3Solids - Volatile suspended solids 1s alsc a

crude measure of the bacteria concoentration,

™
Eﬂ - Prcperly operating mebhane-forming anacrobic digesters usually
cperate at a stable, neutral pH., Upsets usually result in a drcp in
the pH, 1If the pH drops below 6.5, the methane-forming consortium
is in danger of being inhibited.
Chemical Oxygen Demand - Chemiecal oxygen demand (COD)Y is a measure
of cxidizeable organic matter., Feed tectal COD gives a measure of
crganic strength of the feed. Effluent scluble COD gives a measure
of the concentealicon of the Limiting nulrienl, for pgrowth {(carbon) in
Lho chemestat,  Thus effluent scluble COD concentralion determines
the growth rate of the microérganisms. The feed total, effluent
tctal, and effluent soluble COD should all be ¢ccnstant for a

chemcstat at steady state.

Gas Ccmposition - The microorganisms in a methane-forming anaercbic

chemcstat produce large amounts of the gases methane and carbon
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dioride {(see stoilchicnetry in the Maethods and Mateelals sectioa)'.
The relative amounts of these gasen (pereentage in head space
atmosphera) should romain Cairly const:mb in o chenastal, operating
at steady state.

h) Gas Precducticn Rate - The micrcorganisms in a chemeostat operating at

steady state should produce gas at a constant rate,

20 Day SRT - 0.05 Vclumes Per Day (cell pcpulation doublings per day)

Diluticn Rate:

The experimental runs for the 20 day SRT/0.05 volumes per day diluticn
rate were carried cut beginning on day 482 and day 532 of operation. The
time frame of the experiments for the 20 day SﬁT in relaticn tc mconitoring
cf the steady state parameters is shown in Figures B~1 and B-2, All the
parameters mceniftcred were virtually constant for the 60 days (three times
the SRT) pricr tc the beginning of the first experimental run, They stayed
fairly constant once the experiments began alsec. Velatile suspended sclids
did show a slow gradual increase cver the pericd from day U420 to day 560.
Velatile suspended slides (VSS) were measured tc provide a c¢rude measure of
the crganism concentration. The direct count of microcorganisms did not
confirm this V3S increase, The difference between effluent total COD and
effluent soluble COD, ancther crude measure of bacteria concentration, alsc

did net ccnfirm the V53 increase.

8 Day SRT - 0.125 Volumes Per Day (cell population doublings per day)

Diluticn Rate:
The coperation of the 70 liter chemostat at a 20 day SRT was terminated

after 559 days cf cperation. The reactor was drained and thorcoughly cleaned

and rinsed.
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On day 562 the 70 liter experimental reactor was restarted at the 8 day
SRT. The incculum used tec restart the reactor was approximately 20 to 30

liters of effluent from the 15 liter, 8 day SRT incculating reactor that had

been saved from the previous two Lo three weeks, The remainder of the

liquid added at the time of incculaticn was the normal feed with sucrcse
omitted, Thus the icnic strength and nutrient concentrations of mixed
liquor in the reactor vessel would be approximately equal Lo what was

experienced in the inoculating reactor,

Twc acticns were taken during the first eleven days of operation tc¢
ease stress during the start-up. First, on the first twe days after start-
up, part of the influent volume to the experimental included the 1.875

liters of effluent from the 8 day SRT inculating reactor, This was done to

help build up the cell populaticn in the experimental reactcer and to provide
fresh organisms in case the ones in the reactor were under stress., Seccond,
on days 566, 570, and 573, no sucrose was added to the feed. 9n each of
these days the pH had dropped slightly and it was felt the population of
acid Formers might be groWwing faster and producing mcre acids than the
methanogens could metabolize.

The steady state parameters for the T0 liter experimental reactor
cperating at an 8 day SRT are summarized in Figures B-3 and B8-%. 1In the
week prior to the start ¢f the July experimental run cn day 587, the reactor
appeared tc¢ have achieved a steady state condition. Day 587 was 24 days (3
times the 8 day aclids retention time) after the start-up of the reactor,
The running seven previous day average gas production rate stabilized on day

582 after climbing progreasively before that time. The COD and V38 levels

measured on days 574, 582, and 58% were stable, VSS were scmewhat lower
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than the 20 day SRT steady state levels which implied the bacteria
concentraticn might be lower for the 8 day SRT. However, direct counts of
the bacteria concentration in the mixed liquor on days 579, 582, and 586
Wwere stable and approximately equal to the counts for the 20 day SRT
culture, It was felt the direct counts were a mcre reliable indicator cf
the bacteria concentration than the VSS measurement., The pH values ¢f the
mixed liquor were stable and ranged from 6.9 to 7.1, which was approximately
the same as the 20 day SRT culture, The gas composition was measured on
days 579, 582, and %86 and similar values were obtained. On days 579 and
582, the recycle pump was inadvertently left on flor a few hours and the
reactcr temperature rose tc 40 degrees celecius each time, but this did not
seem to have a ncticeable effect on the reactor. Alsc for an unexplained
reascn, the effluent volume was high on day 580 and low on day 581, Taken
tcgether, the effluent volume for the two days was normal. On day 586, a
clamp was left on effluent gas line. This apparently caused a pressure
buildup and a leak tc¢ occur becasue the gas prcecduction rate dropped from
clese te B0 liters/day Lo approximately 10 liters per day almost
inst,antaneolusly. This mistake had been made befcre (leaving a gas ci am.p on
a line causing a leak). On the earlier cccasicns it had not seemed to
effect the reactor, It was expected that gas produced by the reactor would
keep gas flowing ocut of the reactor system rather than letting oxygen in.
Thus, it was decided tc¢ begin the 8 day SRT experiments. The first
experimental run for the 5 day SRT tock place on July 15, 1986, day 587,
During and after the July experimental run, there were scme indications
the reactor was slightly stressed, Beginning day 589, the pH drcpped tc 6.9
where it stayed until day %93 when it dropped further tc 6.8. In the 3

measurements of gas compcsition pricr to the experimental runs the percent
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methane had ranged Crom U2 to 46% CHM' and 51 tec 57% COZ' The measurement
takan at the end of tne experimental run {(day 5904) was 36% CH” and 571% CD,?.
The three measurement of soluble COD before the run ranged between 1644-1793
mg/l. On day 589 the reading was 1898 mg/1. On day 594 the reading was
2283 mg/l., It was decided that If the August replicate run showed a large
difference from the July run, the July run would have tc¢ be thrown out or
thrown cut and repeated. However, the data for the August experimental run
was very sifnilar' to the July experimental run.

The final experimental run wasAcar'r'ied out on day 623 tc 630. By this
time, all parameters indicated the reactors had rstabilized (Figures B-3
and B~4). The pH ranged fom 6.9 tc 7.1. One day 622, the gas compcaition
was measured at 44% CH, . 52% CO2. ~ Effluent soluble COD was 1680 mg/l on day

y
508 and 1119 mg/1l on day %20. The gas production rate was stable. The

3 cr 4 x 109 per ml, On day 636,

bacteria cconcentraticn was 4 per 1000 um
the feed pump was accidently not turned on, This probably effected the

second tc last gas composition reading on day 637. On day 637, befcre ths
Feed pump was turned back on, the methane level showed a slight inecrease and
the carbon dioxide level showed a slight drop. The unadded feed was then
added in a batch and feed pump and timer hocked up with the next day's feed,
On day 638, the gas composition was measured again and the methane and

@

carbon dioxide levels had reurned to their previous values.



APPENDIX G.  INFERENT (AL STATISTLCS

Ccmparison of Attachment Curves at Two Pifferent Growth Rates

Two methods of inferential statistics were used tc compare bacterial
attachment at the two growth rates, The first methoed was a repeated
measures growth curve analysis, 1In this analysis the individual data
points were compared with one ancther. The second method was a
comparison of mean coefficients for a mathematical model that was used
to describe the attachment curves, Each set of attachment data was
described by the same mathematical model using three coefficienta, The
means of these coefficients for each growth rate were compared using a
"t test.

Repeated measures growth curves analyses are discussed in detall by
Winer (43), The data summary for such an analysis is presented in Table
C-1. The analysis of variance table is presented in Table C-2.

Such an analysis tested three hypotheses (see Figure C-1). The
first hypcthesis tests, as the hull hypothesis, whether the means of all
the data pcints for a particular growth rate were equal tc the means cf
all the data points for another growth rate., The alternative .is they
are not equal, The sceond hypothesis tested whether the sums of data
points at each inoculation time point were equal. The alternative was
they were not all equal. The third hypcthesis tests whether the
differences of the data points at each incculation time were equal, 1In
cther werds, the third hypcthesis tests whether Lhe twc curves are

parallel, The alternative was they were not parallel,



Tabla C-1, Reprated Measures Growth Curve Analysis
Comparison of Bacterial Attachment/Crowth at Different rowlh Rate
camputational Set-Up

p =% of SRT's = 2

q = # ol inpculation times = 12
n = # of experimental runs/SRT = 2

Inoculation Time In Hours

Run
0.0 0.08 1.33 2.75 4,67 7.67 14 23 32 u9.5 73.5 165
July 0.25. 42,03  112.71 15765 205,91 2h9.27 211.1 231.59 204,24 287.6 209.12 433.26 2384, 72
August 1,98 38.42 95,83 192,35 224,61 155,21 104,21 135,88 155.09 224,84 365,96 236.25 19390.6
April 0.38 49,37 93,94 213.53 136.28  267.21  232.01  3562.73 359.11 242,76 312.84 317.55 2578.71
837 May 3.4 117.61  153.82 175,61 234,93 223.24 158.35 257.66 306.8 323.59 370.93 413.75 2739.69
6,01 238.43 U56.3 73%.14 841.73  894.9 705.567  G87.86  1025.23  1078.79  1258.85  1400.81  0x9633.72
Summary
N 2.23 80,45 208,54 350 470,52  404.u8 315. 31 367.47 359.32 512, 575.08 669.51 4315, 37
2FT 3.78 157.98 247,16 389.14 371.21 ugo, U5 390.135 620,39 665.9 566.35 £83.77 731.3 5318.38
6.01 238,43 U56.3 739.14 841,73  894.9 705.67 987.86 1025.23 1078.79 1258,85  1400.81 G=9633.75
(3% = (9633.72)° < 1033511.7 vy P42 . gsspu71.0 - 2389120
Tpr 2y12¥{2) np {(2)(2) )
Z 2
(3% Tk = 2522342.6 L (5) [z (ABiJ) ] = 1882478 = 2u41238
n ]
o2 2 2 2
€3, *Ti = {4315.37)  + (5318.38) = 1954482.7 (6) (EPk ) = 23569752.4 = 1964146
nG 2 (12} q 12




Table C-2,

Repeated Measures Growth Curve Analysis

Comparison of Bacterial Attachment at Different Crowth Rates
Analysis at Variance
o Computational Formula 543 DF M3 F.
—
—
Betwzsn Runs {6)-01) 30634.3 3
4 {growth rate) (3)-(1) 20970.3 1 20970.3 h.34
runs within
growtn rates (6)-{3) 9664 4832
Witnin Huns {2)-(6) 558196.6 bh
= (inoculaticn
time) {4)-(1) 455608.3 1 41418.9 12.75
LY (5)-(3)-{4)+ (1} 31147.7 11 2831.6 0.87
¥ runs within
growth rate (2)-(5)-(6)+(3} T1440.6 22

3247.3



Figure C-1. Schematic Representation of Hypotnesis Testing of Repeated Measures Growth Curve Analysis

Comparison of Bzcterjal Attachmen:t at irferent Growth Hates

4

Grouth
Rate 1 2 3 Yy 5 [ 7 8 9 10 11 12
8 day SRT !II Ulz .
20 day SAT Yy Y, e
v v.2 U.3 u. i u.s u.6 u.7 u.8 u.9 V.10 u.n u.12
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Hypathesia 2 tested {f U.1 = IJ,2 = U3 = U4 ., ., . = U,12 - Alternatlve U.1 = U.2 « U, 3 « , . ., U,12

-y )

Hypothesis 3 tested 1f (Uyy = Uy ) = (U, © Upp) = (Upg = U3} oo = (U, = Uy,

23 13

n o —



The hypothesis testing results for the repeated measuresd analysis are
summarized in Table C-3 and Figure C-2, The hypothesls that the means of
all he data points for each growth rate were equal was accepted. They
hypothesis that the curves were parallel was accepted. They hypothesis that
the means of the sums of all the data points at each inoculaticn time were
equal was rejected, Thus, this wculd l1ead one t¢ conclude that the curves
for each growth rate are parallel, have the same mean value, but the means
of their values for each time point change ov‘er‘ time. In other words, the
curves are the same curve and the value of the function changes over time,

Next, the "t" test analysis toc compare attachment for the t\wo microbial
cultures growing at different growth rates was carried cut by compariscn of

mathematical model coefficients, The first step was to attempt tc find a

‘meaningful mathematical mecdel t¢ describe the data. Two mcdels were

investigated. Both models included a sum of two values, One value of the
sum desecribed initial attachment and had a maximum value. The seccnd value
described the population growth after the cells have attached. Both mcdels
included a coefficient, A, which gives a plateau number of initially
attached cells, Both models included a rate coefficient which gave one an
idea how rapidly bacteria initially attach to the surface. Both models
included a specific growth rate term, u, which described exponential growth
cf the attached micreobial populaticn after attachment,

The mathematics of bacterial attachment in the first model is based cn
first corder decay models and is analagous tc the mathematics used in the
development of the concepts of biochemical oxygen demand. Fcr the
attachment term:

Let A = the number of attachment sites available or remaining.

Then:




116

Table C—3. Summary of the Hypothesis Testing Results for
the Repeated Measures Growth Curve Analysis -
Compariscen of Growth Rates
Null Experimental Critical Accept or
Hypothesis a F Value F Value Reject Null
' Hypothesis
1 .05 4.33 18.51 Aceept
2 .05 12.76 2.26 Reject
3 .05 0.87 2.26 Accept
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Figure C-2 Schematic Summary Of Hypothesis Testing Results For
The Repeated Measures Growth Curve Analysis -
Comparison of Growth Rates.

Inoculation Time

Data Points

1 2 3 eaen 12
8 day SRT ] u U u ui.
Growth 1" 12 13 112
Rate .
20 day SRT 021 U22 U23 U212 u2.
U.1 u.2 U.3 v.12
Hypothesis 1 - Ut. = U2, Accepted
[
Hypothesis 2 - U.,1 = U.2 = U.3 ..., U.12 Rejected
Hypothesis 3 - U21 = U11- U22 = U12 eas = U Accepted



dA = KA : (C-1)
dt
Lhat is, the rate that atbachment sites disappear is

nroportional to the number of attachment sites remaining where

k = constant of proportionality -

{number of attachment sites disappearing/time}

directly

number of attachment sites remaining

Tne equation can then be integrated:

1dA = kdt (C-2)

A
At ¢ .
I 1 dA = [ kdt {C-3)
K [}
Ay
i A=kt (c-4)
Ay
A (c-5)
Ay
a, &= ay (C-6)

where, A, = total number of attachment sites, and

At = the number of attachment sites remaining at time t

Y =R AL (C-7)

A= Rg — X (C-8)
L

AueK = Ay — ¥ (C-9)

subsbituting eguatlon 6 into
equation 7 yields equation 10

Kt
Y = Ay - Age (C-10)

Y = &, (1Y) (c-11)



wheroe, Y = number of bacteria altached al time L
Schematically, equations (1}, (6), (7) and {(11) can be represented as
shown in Figure C-3.

For the growth term:

dY = wY (C-12)
dt
where, y = specific growth rate {cells produced/time}

cells present

1dY = udt (C-13)
Y
! Yt 1ay - ftudt {C-11)
I o
Y-0
] i ny = | it (C-15)
[s] 0
inY - InY, = ut (C-16)
nY =t (C-177
Y0
e -y (c-18)
Y,
Yoe "' -y (c~19)
where, Y = Yt = number of bacteria attached at time t per area, and

Y, = number of bacteria attached at time O per area
Thus when the growth and attachment terms are combined (with slight

modification) the following equation is obtained:

Kt '
Y= a, (1- &%) +a, (¥ - 1) (c-20)
attachment growth

One noticeable simplifying assumption is made here., It is that the
maximum number of cells very rapidly attach to the surface. The growth

term assumes that from time 0, the maximum number of cells have attached
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bacteria A
attached t
per
area

Y

inoculation time
A — — _—— — — —

attachment Y
sites
remaining b
per
area
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t

inoculation time

Y = number of bacteria atvached at time t
A = number of attachment sites remaining at time t
A

t . . .
o total attachment sites or maximun number of bacteria
initially attached
Ao - At =Y
Figure C-3

Schematic - First Order Attachment Model



their growth is beginning at time = 0, This is not exactly the case, Tt
takes a few hours at yenst for the coneentration of cells on the surface to
reach its maximum. However, the growth rate of the bacteria is so slow, it
seemed a reascnable simplifying assumption to make. Alsc, the clarify
terminclogy, ¥, of equaticn (195 becomes A, in equaticn (20). A® is
subtracted from the growth term because the initially attached cells are
accounted for in the attachment term.

The mathematics of bacterial attachment in the second mcdel is similar
toc the equation used in Michaelis-Menten enzyme kineties, Monod bacterial
growth, and Langmuir adsorption isotherms.

Let:

‘A, = the maximum number of bacteria that can initially attach to the
surface per area

Km = time it takes for bacterial concentration on the surface tc reach,

A,/2 one half the maximum concentratiocon

Y = the number cf bacteria attached per area at time t, and
t = incculaticn time
Then:
Y= At (C-21)

t + Km

Gehematically, equation (21) can be represented an shown in Figure G-,
When the growth term from equation (19) Is combined with the attachment

term cf equation (21), equation {22} is obtained.

Y= At + 8, (e " -1 (c-22)
t + Km
attachment growth

The same simplifying assumption that the maximum number of cells is attached

at time = 0 is made. Again to clarify terminology Y, at equation (19)



A
o = - — - = = = — — =
bacteria
attached
per
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Y
K . . .
m inoculation time
Y = number of bacteria attached at time t
A = total attachment sites or maximum number of bacteria
o RO
initially attached
Km = inoculation time when Y = AO/Z
Figure C-4
Schematic - Michaelis~Menten Type Attachment Model
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becomes A, in equation (22). Also, A° is subtracted from the growth term

because initially attached cells are accounted for in the attachment term.

1t was decided to pursue the inferential statistical analysis using the
First order rate model toc model the attachment curves. The other model is
very similar as is shown in the descriptive statistics section, The data
set that was used for the first order model was fcr cocci > 0.6 um +
ncneceei versus incculaticn time, A regression analysis was performed, the
best it (minimum residual sum of squares) was obtained, and the three
parameters, A,, K, and y were used tc describe the curves.

In addition, because the variance of the attachment counts inereased
with time and the number of bacteria attached tc surface increased, a
"weighted® fit to the data was alsc carried ocut. For a "weighted" fit, each
component of each sum of squares term is multiplied by a "weighting" factcor

when computing the sum of squares. The weighting factor, wi, equals

W, = _11_ (C-23)
)

the inverse ¢f the variance. Thus, data pcints which have a high variance
get a low weight when computing the sum of squares., Conversely data pcints
with a low variance receive a high weight when computing the sum of squares,
The implications for this study are that data pcocints at the earlier
inoculation times would receive a higher weight in determining the
regression curve. The parameters that were determined for the "weighted”
and "unweighted" fits are summarized in Table C-4.

On a theoretical basis, the weighting was not done in a completely
justifiable way. The weights that were used were determined using the
measured variance ¢f the bacteria counts on a particular slide, The

variance, in truth, was contributed tc by four scurces.
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Table C~4. Lleast Squares Regressicn Curve loeffizients
Flrst Orgder Attachment Model Including Growth Term
Unwetghted and Weighted Analyses

2
Growth kate  Run # A K u R ShrRgY F Sien{fcgnes
Unweighted 20 Day SRT 1 303.09 L0, 24 0.000214 .96L 53.56 80.43 L0001
20 Day SRT 2 233.32 =0, 80 0.004123 .70 53.9 106,9 . 0001
Means ‘ 268.2 =0,52 0.00216%9
8 Day SRT 1 206, Tt ~0.666 0.00389 .980 38.11 159.4 L0001
8 Day SRT 2 175,70 =0,913 0.o0292 0T 63.72 36.71 001
Means 191.2 ~0.79 0.003M
Welghted 20 Day SRT 1 251,12 -0.37 0.001882 .B96 4,59 25,71 .00t
20 Day SRT 2 229.43 -0.885 0,00U685 962 18.35 84,32 .0001
Means 24C.28 “0.628  0.003284
8 Day SRT 1 214,8 ~0.56 0.003523 L9771 1.3 142.5 L0001
8 Day SRT 2 160,26 ~1.,040 0.002994 926 11.98 41,48 .00
Means 187.53 ~0.8 0.003259
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GTZ = g2 + a? + a? + g? (C-24)
physical slide field randcm
act of to to error
counting slide field differences

differences differences differences
on a slide

The sources were the physical act of cocunting, the use of different
slides for each count, the use of different fields on a slide, and random
errcor, Only the variance associated with the use of different fields ¢n a
slide, the physical act of counting, and random error can be estimated given
the data that was collected. No attempt was made tc estimate the cgther
sourc% of variance, slide tc slide differences. The weights were determined
usinglonly the variance assceciated with field tc field differences, the
physical act of counting differences, and random errcr, If these scurces cf
variance were the major scurces, then the weights were a valid concept tc
use. Given the high field to field differences, it may indeed be true that
these were the largest contributor to the variance.

The coefficients were compared using a "t" test. The "t" test was
carried out two warys. One test considered all three parameters
simultanecusly. The second test considered the parameters independently.
The test which considers the Lhree coefficients simultanecusly tests if the

two curves are equal., In statistical terminclogy:

A

Hye — a: cm————

° Bao = Ay A,y = A,
Kiog = i_a‘ Kzo * Kgq
Uyp = G; Uzo = Us

All three hypotheses must be accepted in order for the null hypothesis
tc be accepted. If any one of the subhypotheses was rejected, the entire
hypcthesis would have to be rejected., In determining the eritical value of

the test statistic, the o values (significance levels) using the terminology
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of Mcntgemery (31) were divided by 2 to account for the two-sided nature of
the alternative hypotheses, and alsc divided by 3 t¢ acccunt fer the three
simul tanecus hypotheses being tested. Thus, the o value was divided by 6 tc
determine the critical "t" value.

The seccond method of testing the coefficients is to simply test them
indepéndently. Here each null hypcthesis is ccnsidered as its own separate
test with a two sided alternative, Accepting or rejecting a particular
hypothesis has no bearing oﬁ whether one accepts or rejects the other

hypotheses, 1In statistical notation

——— f— ——

Ho: Asog = Ra A Ay,o 2 Ay
Kzu = K, Kio = Ky
U,e = Uy Uzo * U,

The a value used tc¢ determine the critical value of the test statistic was
al,.

The results of the simultaneous t test for the parameters determined in
the unweighted analysis are summarized in the top portion of Table C-5, All
three hypotheses were accepted. For two of the parameters, k and u, the
descriptive level of the test (the pfobability of obtaining a result as
extreme as the one that was cbtained) was high. For A, the descriptive
level of the test was lower but still reasonable for I;o . 7;;. Thus thg
hypotheslis that the two curves for the twe different growth rates were
essentially equal was accepted,

The hypctheses testing the equality of the coefficients were alsc
carried out considering the coefficients independently {Table C-5)., In such
an analysls, the coefficients were determined in the same way as the

simultaneous analysis using a regression analysis. However, each hypothesis

wa3 then considered separately. Because the hypotheses were considered



1£/

Table C-5 Summary Of t Teat Comparison Of Least Squares Regression Curve Coefflecients-
Hypothesea Considered Simultaneously And Independently.
Unweighted Analysis.

H accept Probability of A
Q a L calculated t eritical or deacriptive gt confidence Type Il Error
reject level interval a = 0,05
Hypotheses Ry = Ay .06 2.02 6.965 accept 187 “186.9 ¢ R, - Ky < 3u2.9
consldered Ezo . Ea .06 0.882 6.96% accept .u82 -1.86 ¢ Eéa - Es € 2.40
simultansously Mo = ¥g .06 0.5 - 5.965 accept .62 €0,0123 g Hag " Mg ¢ 0.0927
95% confldence Interval
Hypotheses Ay = hg .05 2,02 4.303 . accept 0. 187 w87.29 § Ry Ry g 21,2 0.90
considered Ezo “ Ea .05 0.882 4.303 accept '0.482 MU0V § kg = kg < 1,587 0,95
independently Bog "B .05 ~0.61 4,303 accept .62 “0,0099 § v, = ug § .0074M 0.90
20 T V8 20 8
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separately, oritical value of the "¢" statistic for rejecting the null
hypotheais was the a/, "t" value instead of the o/ "t" value. Each
hypothesis was 3till accepted,

The probability of a Type LI error (failing Lo rejeet the null
hypothesis that the coefficients are equal when they truly are not equal) is
high, The values were estimated for the independent hypothesis cases and
are included in Table C-5. The values were estimated from Montgomery (31)
{(p. 25). The values ranged from 0.9 to 0.95 which means there is a 70% tc
95% probability and one would fail to reject the null hypothesis that the
coefficients are equal if they are truly different. There are three ways
the probability of a Type 1T errcr can be reduced. The probability of a
Type 11 error would be reduced if: (1) the number of experimental runs was
increased, (2} the standard deviation of the coefficient values determined
fcr the different runs was reduced, or (3) if the difference between the
ccefficlient means was increased, For this experiment, the fesearcher enly
can easily control the first of these parameters, But just tc increase the
number ¢f runs would require a substantial effort (beyond the scope of this
study).

As was s3tated earlier, because the variance of the bacteria counts
increased at long incculaticn times and high bacteria counts, the curve
coefficients were alsc determined using a weighted analysis. The
coefficients determined by the weighted and unweighted analyses are
avallable in Table C~-6. The weighted coefficients for the two growth rates
were ccmpared using a "t" test in the same methods the unweighted
ccefficients were compared. Nc dramatic changes were cobserved in the
weighted analysis compared tc the unWweighted analysis. However, it should

be noted that the descriptive level of the "t" test comparison of mean
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Table ¢ _g Summary Of t Test Comparison Of Least Squares Regression Curve Coeffliclents4
Hypotheses Considered Simultaneously and Independently.
Weighted Analyses.

probabllity of a

accept descriptive 34f confldence type 11 error
Ho a t calculated ¢t critjcal or level interval a = D.05
reject

d Lo bl . -
Hypotheses A?D - AB 06 1.79 6,965 accept .2252 =151.6 ¢ AEO = Aa § 257.1
conaidered :20 - :8 .06 0.49 6.96% aceept -69 22,266 ¢ ;20 - ;8 < 2.6
simultaneously ., = ug 06 0.0175 6.965 accept > 0.8 “0.009907 § uyy = g & -009957

95% confidence interval

- - - -
Hypotheses 520 - AB .05 1.79 4,103 accept 2252 “73.5 ¢ “20 u Aa ¢ 179.0 0.90
consldered kza - kB .05 0.49 4,303 accept 0,69 “1.330 ¢ k20 * kg & 1.678 ‘ 0.9%
independently ;20 - ;8 .05 0.0t75 4,303 accept > 0,8 L0.006311 g ;20 - ;8 § .00616 0.95
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coefficients was higher for all three coefficients in the weighted analysis.
Thus the weighted analysis indicated it was more likely the mean coefficient
values were equal than the unweighted analysis. The same results were
obtained in the hypothesis testing when comparing the weighted and
unweighted analyses. The hypothesis that the two attachment curves at the
two different growth rates were the same has accepted. The hypotheses that
each individual coefficient were the same across the twWwo growth rates were

alsc accepted.

2, Compariscn of Attachment on Autoclaved vs Unautcclaved Slides

This was nct an experiment that was criginally planned. Between the
April and May (1986) experimental runs, the scanning electron‘microscopy
(SEM) work asscociated with this experiment was commencing. 1Tt was
ncticed while making some preparations fcor SEM werk that there was very
little attachment on glass that was not autoclaved, At this time, it
was recalled that during the intial preliminary attachment test runs,
there was also very little attachment con unautcclaved slides. So some
unautoclaved slides were installed in the attachment vessel for the May
experimental run. During the June experimental run for SEM work,
unautoclaved slides were again installed to obtain replicate run for the
20 day SRT, For the July and August (1986) experimental runs,

unautoclaved slides were included in the attachment vessel

simultanecusly with the autcclaved slides,
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The ad-hoe experimental set-up for auto\r;laved versus unautoclaved
sLidens poscd some problems for the use of inferential statisties. The
experimental deslgn is shown in the schematic Figure C-5. For the May,
July, and August (1986) experimental runs, palred obsorvations woeroe
obtained. The slides were in the same attachment vessel at the same
time and were removed as close as was physically possible by one perscn,
Hence, these observations were not independent of each other. However,
it could be argued Lhat fer the April and June experimental runs, the
cbservations were not carried cut simultaneously and thus are
independent., This line of reasoning would continue that for the 20 day
SRT culture, there was not a true paired replicate experiment carried
out. Accordingly, a different method of analysis was used to compare
attachment on autcclaved and unautcclaved slides for each growth rate,
For the 20 day SRT growth rate (the April, May, and June experimental
runs), a repeated measures growth curve analysis was used. Fcr the 8
day SRT (the July and August experimental runs), a randomized complete
block design as described by Montgomery (31) was used, _For‘ both grcwth
rates, a "t" test was used to compare the means ¢f the differences
between autoclaved and unautcclaved slides.

In the randomized complete block design for the 8 day SRT runs, the
analytical set-up 1s shown in Figure C~6. 1In order to evaluate the
data, for each of the July and August runs, the differences between the
nunber of attached bacteria for autcclaved and unautoclaved slides were
calculated (Table C~7), The differences were then used tc¢ carry out the

statistical analysis (Table C-8 and C-9). The differences for the July
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Figure C-5, Experimental Design
Statistical Perspective Comparison of the Effect of
Slide peeparation on Baclterial Attachment

20 Day SRT ) 2 12
unpaired [éutoclaved F—April
[;nautoclaved —June
—a;utoclaved
paired [~May
unautoclaved
A
8 Day SRT
_autoclaved :
paired [~ July
lynautoclaved
autoclaved
paired :=August
unautoclaved




Figure C-6. Randomized Complete Black Design to Compare

the Effect of Slide Preparation on Bacterial
Attachment - 8 Day SRT

N = ab = total number of differences = 14

July August
{autoclaved minus {(autoclaved minus
unautocl aved unautocl aved)

Blocks (b = 2)

inoculaticn

times~hours Block 1 Block 2 Yi,
; ;

0 Y11 ‘ 112 Y1,
1.33 Y21 Yz2 Y2,
Treatments 4,67 Y31 ! Y32 Y3.
(a=7) Y Y1 Poyy2 vh,
Inoculation 49.5 Y51 { 52 Y5.
Times 73 Y61 ;Y62 | Y6.
165 71 ! : 72 7.
Y.j Y. g Y.z i Y..

Yi, j = autoeclaved - unautoclaved for bloek i, treatment j

2
Yi. = I Yi, j - sum of the differences at each ingculation time
J=1
7
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Yi, = X%l - average difference at each inoculation time
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Table C-T7. <Calculations of Differences in Bacgterial
Attachment/Growth from Slide Preparation
at Each Inoculation Time -- 8 Day SRHT
July
inoculation cocel > 0.6 um cogel > 0.6 um differences
time-hours + noncogei + noncocei
Slides W, & Slides W, U A-U

(A) )

0 0.25 0.79 -0.54
1.33 112.71 2.56 110,15
h.67 245,91 1.28 244,63

1y 211.10 177.22 33.88
49.5 287.6 3.3 278.29
73 209.12 5.7t 203.1
165 433.26 10.13 423.13
August
inoculation cogel > 0.6 um cocel > 0.6 um differences
time-hours + noncoccel + noncocci
Slides W, A Slides W, U A-U
(&) )

o} 1.98 7.57 ~5.5%9

1.33 95,83 2.56 93.27

4,67 224,61 11.18 213.43

14.67 164,21 2.79 C101.42
54,5 224,84 T.92 216,89
73.5 365.96 6.64 359.32
165 236.2% 10.01 226,24
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Table C-8. Randomized Complele Block Analysis Calculations — 8 Day GRT

2o x
nou
W m—

!

I

July August
U A-U

Blocks b = 2

Inoculation Block 1 Block 2 -
Times-Hours Yi. Yi.
Treatments 0 -0.54 -5.59 -6.13 -3.065
a =7 1.33 110.15 93.27 203.42 101.1
4,67 244,63 213.43 458,06 229.03
Inoculation 14,33 33.88 101.42 135.30 67.65
Times 52 278.29 216,89 495,18 247.59
73.25 203.4 359.32 562.73 281.37
165 423.13 226.24 649, 37 324.69
Y.j o 1292.95 1204.98 2497.9 178. 42



Table C-9. Randomized Complete Block Analysis at Variance — 8§ Day SRT

souree of Sum of Degrees of
Variation Squaras Freedom
Treatments 180867 6
Blocks 563.4 1
Error 35781.1 6
Total 217211.5 13

Critical Value

Flos, 6, 6 %28

Reject null hypothsis - The differences, A -
This implies the two curves representing autoclaved and unautoclaved slides

are different,

Meian
Square

30144.5
563.4
5963.5

Deseriplive

Fa Level

5.05 . 04265

U, are not constant over time.

136
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run composed Block 1. The differences for the August run made up Block
2. The counts at different incculation times were considered the
treatments, 1In this statistical set-up, the null hypothesis was that
the means of the differences of all the incculation times were equal

A,: they are not all equal
Seeing both curves start at the same place, where the difference between
autoclaved and unautoclaved is zerc, the null hypothesis really asked if
the twe curves were the same curve, The alternative tc the null
hypcthesis would be that the curves were different.

The analysis at variance table is summarized in Table C-9. The
calculated F value is 5.05. The critical ¥ value at a significance

level o = .05 is 4,28, This wculd lead one to reject the null

hypothesis that all the differences are equal. As was discussed in the

preceding paragraph, the null hypothesis implies that the two curves are

identical. Rejecting the null hypothesis implies the curves are nct
identical and the mean differences between autcclaved and unautcelaved
slides are nct all equal. Thus the bacteria attach in a different
pattern on autoclaved versus unautcclaved. By inspecticn of the graphs,
it is clear the more bacteria attach overall and they attach at a faster
initial or autoclaved slides versus unautoclaved slides.

The same repeated measures growth analysis method that -was used te
compared attachment at different growth rates was used to compare the
unpaired data for autoclaved versus unautoclaved slides at the 20 day
SRT. The data summary for the analysis is presented in Table C-10. The

analysis of variance table is presented in Table C-11,
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Table C-10. Repeated Measures Growth Curve Analysis to
Compare Autceclaved Versus Unautcclaved Slides
# of
p = slide preps = 2 q=t =5 n = runs = 2
slide prep
Slide Incculation Times
Prep Run 0 1.25 4.67 14.0 73.5 Tctal
Autoclaved May 3.40 153.82 234,93 158.35 370.93 921.43
£X° = 241528
Autoclaved April 0.38 93.94 136.28 232.01 312.84 775.45
Ix° = 179094.6
Unautoclaved May 1.79 12.83 24,62 PP .64 58.76 120.61U
Ix© = 1739.3
Unautcelaved June 2.17 12.07 101.1 .1 65.83 252.27
2x% = 19760. 1
SUMMARY
Autcelaved 3.78  247.76 371.21 390.36 683.77 1596,88
Ix> = 819118.5
Unautcelaved 3.96 24,9 125.72 93.74 124.59 372.91
Ix° = 43342.87  7.74  272.66  495.93  484.10 808.36  2069.79 = G
(1) 6> = (2069.79)° = 214201.53
npq (2)(5)(2
(2)  ix°.= = 445122.3
EIB‘i‘ 2 ?
(3) = {1696,88)" + (372.91)" = 301846.36
nq, (2)(5) :
B,
() J . 1209141.5 = 302285.4
np 2(2)(2)
E(ABi.)
(5) " - e2up1. U = 431230.7
r12 2
(ZPk )
(6) __° = 1528550.1 = 305710
q 5



Tahle C-11.  Repeated Measures Growlnh Curve Analysis to

I 39

Compare Auloclaved Versus Unautoclaved Slides -
Analysis of Variance

Source of Computational
Variation Formula
Between runs (6)-(1)
A (slide prep) (3)-(1)
runs within {6)-(3)

slide prep

Within runs (2)-(6)
B (}noc. time) (H-(1)
AB (5)-(3)-(Uy+(1)

B % runs within (2)-(5)-{8)+(3)
slide prep

33

91508. 47
87644,.83
3863.64

139412.3
88083.87
41300.5
10027.96

df

MS

87644,83
1931.82

22020.97
10325.1
1253.5

45,34

17.57
8.24
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The analysis tests three hypotheses (Figure C-7)., The First hypothesis
.ests, as the null hypcthesis, that the means of all the data points for a
particular slide preparation are equal to Lhe mean of all the data points
for Lhe other slide preparation. The alternative is they are not equal.
The aecond hypcthesis tests whether the sum c¢f the data points at each
inoculatien time point are equal, The alternative is they are not all
equal. The third hypothesis teats whether the differences of the data
pcints at each inoculation time are equal. 1In cother words, the third
hypothesis tests whether the two curves are parallel, The alternative is
they are nct.

The hypothesis testing results for the repeated measures analysis are
summarized in Figure C-8 and Table C-12. The hypothesis that the means of
all the data points for each slide preparation were equal was rejected, The
hypcthesis that the means of the sums of all the data points at each
inoeculation time were equal was rejected. The hypcthesis that the curves
were parallel was rejected., These results lead one to conclude that the two
sets of data are very different, The curves are not parallel, their overall
mean values are different, and their values change cver time,

The compariscn of attachment of cocei > 0.6 uym + noncocci on autoclaved
versus unautcclaved slides was alsc carried cut using a "t" test, The mean
attachment counts for autoclaved and unautoclaved slides were calculated at
each incculation time. The 8 day SRT data is included in Table C-13. The
20 day SRT data is included in Table C-1l4. The mean number of attached
celis at each inoculation time was then compared for autoclaved versus
unautoclaved slides using a "t" test. The results for the 8 day SRT are

shown in Table C-15. The results of the 20 day SRT are shown in Table C-16,
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Figure C-7 Schematic Representation Of Hypothesis Testing For
The Effect Of Slide Preparation On Bacterial
Attachment - Repeated Measures Growth Curve Analysis

= 20 Day SRT.

slide inoculation time
treatment

1 2 3 4 5
autoclaved Ull U12 U13 U1u U15 U1.
unautoclaved U21 U22 U23 Uéu U25 uz.

U.1 u.z2 u.3 U.4 U.5
Hypothesis 1 teats If U1. = U2. alternative U1, = U2,

Hypothesis 2 tests If U.,1 = UJ.2 = U.3 = U4 = U.5

Hypothesis 3 tests if (U21 - Ull) a (U22 - U12) = (U23 - U13)-..
(Uag = Uy5) '

+

alternative (U21 - U11) » (U22 =U..) ... = (U _-U )

12 25 15




Figure c.g  Schematic Summary Of Hypothesis Testing Results
For The Repeated Measures Growth Curve Analysis -
Comparison Of The Effect Of Slide Preparation On

Bacterial Attachment - 20 Day SRT.

Inoculation Time
Data Points

1 2 3 h 5
Autoclaved U11 U12 U13 Uxu U15
Slide
Preparation
Unautoclaved U21 U22 U23 U2u U25
U.1 U.2 U.3 u.s u.s
Hypothesis 1 - U1, = U2. rejected
Hypothesis 2 - 4.1 = U.2 = U.3 = U. U = U.5 rejected
Hypothesis 3 ~- (U21_U11) = (U22-U1 eee (U25-U15) accepted
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Null
Hypothesis

Table C—-12,

.05
.05

.05
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Summary of the Hypothesis Testing Results
for the Repeated Measures Growth Curve Analysis -
Comparison of Slide Preparation Techniques

Experimental Critical Accept or
F value F Value Reject Null
Hypothesis

45.34 18.51 Reject

17.57 3.84 Reject

8.24 ©3.84 Reject



Table €C-13. Computation of Mean Attachment Values for
Washed/Autoclaved and Washed/Unautoclaved Slides -
8 Day S3RT

July August
Cocei > 0.6 um Coceci > 0.6 um
+ noncoccei "+ nonecocel

Slides Washed
Lutoclaved

inoculation
time—hours

Slides W, A
bacteria/10000 pum

Slides W, A ave 5
bacteria/ 10000 um bacteria/10000 um

0 0.25 1.98 1.115
1.33 112.71 95.83 104.27
h.e67 245,91 224,61 235.26
14,33 211.10 164,21 187.66
52 287.6 224,84 256.22
73.25 209.12 365.96 287.54
165 433,26 236.25 334.76
July August

Slides Washed Cocei > 0.6 um Cocci » 0.6 um

Unautoclaved + noncoccei + noncoceij
ipoculation Sliges W, A » Slides W, A > ave 5
time-hours bacteria/10000 um bacteria/10000 um bacteria/ 10000 pm
) 0.79 7.57 .18
1.33 2.56 2.56 2.56
.ot 1.28 11.18 6.23
14,33 177.22 2.79 30.0
52 9.31 7.92 8.62
73.25 5.71 b.64 6.18
165 10.13 10.0 10.07



Table C-14. Computation of Mean Attachment Values for
Washed/Autoclaved and Washed/Unautoclaved Slides -
20 Day SKHT

{A11 values as bacteria per 1000 square micrometers)

inoculation

May

cocel > 0.6 um

April

cocei > 0.6 um

+ noncoceil + noncocei
time-hours Slides W, A Slides W, A ave
0 3.40 0.38 1.89
.25 153,82 93.94 123.88
4,67 234.93 136.28 185.6
14,0 158.35 232.01 195.18
73.5 . 370.93 312.84 341.89
‘ o :May June
- .« Thxy coeel > 0.6 um cocel > 0.6 um
.. inoculation ~ + ‘noncocei’ + noncocci
time—-hours - Slides W, U Siides W, U - ave
70 1.79 2.9 1.498
.25 12,83 12.07 12,45
4,67 L2462 101.1 62.86
14,0 22,64 1.1 46.87
73.5. 58.76 65.83 62,30
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Table C-15, 8 Day SRT t jrain Lomparison of Means Autoclaved versus Unautoclaven

Mean Mean Accept 95%
Inoculation Autoelaved Unautoclaved Ho n L Calculated t Critical or Descriptive Confidence
Time Reject Level Interval
u, Uy
o] 1.115 4,18 TR .05 -0.878 4,303 accept .8z -18.08 ¢ By - ouy £ 11,95
1.33 10k, 27 2.56 u}=u2 .05 12,05 4.303 reject L0074 £5.39 < M7 olg < 138.03
4,67 235.26 6.23 My My .05 19.5T1 4,303 reject 0032 178.85 < LTI P < 279.89
14,33 187.66 90.0 b=y, .05 1.08 h,303 accept 426 -250.94 < w7 oHp < 4B86.26
52 256.22 8.62 LR TP 05 7.88 4,303 reject L0tT 112,49 < up T g < 382.Mm
73.2% 287.54 6.18 E Rt P .05 3.58 4,303 accept 076 -56.08 < [P TP ¢ 618.8
165 334,16 10.07 My =Hs .05 3.30 4.303 accept .086 -99.16 < My T oHp < T48.54
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Table c-16 20 Day SRT t Test Comparison Of Means-Autoclaved Versus Unautoclaved.
Mean Mean hceeept 95%

Inoculation Autoclaved Unautoclaved Ho a t Calculated t Critical or Descriptive Confidence
Time u, u, Relect Level Interval
] 1.89 1.98 upmw, <05 ~0.059 h,303 accept >.8 “6.63 g u, - u, § 6,45
1.2% 123,88 12,45 U T, .05 3.73 4.303 acrept .07 -17.23 3§ ul“ s £ 240,09
4,67 185.6 62,86 Byruy 05 1.97 4,303 accept .192 “1A5.94 g - w, § 3914
14,0 195.18 46,87 upuy 205 3.36 4,303 accept .0BH ALARL S ST P { 337.98
73.5 341,89 62.30 By, .05 9. 34 b,303 relect 012 153.7 § vy - vy § 405,45
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The results of the compariscns cf the means at each lnoculaticn time by
a "t" test tended tc confirm the results of the randemized block analysis
and the repeated measures analysis, For the 8 day SRT data the null
hypothesis, that attachment number for autoclaved and unautoclaved slides
was equal at a given incculation time, was rejected at 5 of the 7 data
points, The null hypothesis was only accepted at the zerc inoculation time,
which one would expect, and one other data point. For the 20 day SRT data,
the null hypothesis was only rejected at 1 of the 5 data points., However,
if one excluded the zerc inoculaticn time, the descriptive level of the
tests was less than 0.085 for three of the four remaining data points., The
descriptive level of the test gives the probability that such an extreme
result would occur, 1In this case three of four pcints obtained an extreme

result that had only a very low probability of ocecurring randomly,
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