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Introduction

Sul fur—containing minerals present in soils, sediments, and
other environments are often coated with a film of actively
metabolizing microorganisms. Because these tilms are difficult
to study, cell suspensions are frequently used. Laboratory
studies have formed the basis of knowledge concerning microbial
activity and the chemical development of Earth. Because there
could be important differences between the activities of microbes
in uniform cell suspensions and those in nature, this research
aimed to document the presence ard faorme:210n of mineral films.

It was found that microbial films formed rapidly on all of the
(SbSz), barite (BaS504), selenite (CaS50s), amorphous elemental sul+fur,
and hematite (Fez0s). G6Gradients of soluble sulfur compounds
{cysteine, glutathione, thioglycolate, sulfite. and thiosul fate)

did not increase the rate of attachment or growth of bacterial
populations colonizing these sur faces. Microbial activities,
including metabolism, growth, behavior varied substantially
depending upon whether the cells were i1n suspension or in surface
films.

Materials and Methods
In S52¢tu Incubation of Membrane Enrichments

A membrane filter i{polycarbonate capillary membrane, Q.05
um pores, 25 mm diameter, Nucleopore, Fleacsanton, CA) was
cemented to the ground flat surface of one tube of a Bellco
farabiotic Chamber {(catalog no. 1743) (Fig. V-1). This was done
by coating the surface with an uninterrupted ring of silicone
rubber and applying the filter with the shiny side out. The
assembled "J-tube" was autoclaved to sterilize the apparatus and
to solidify the silicone rubber. Care was taken to protect the
outer surtace of the filter from pore-clogging debris.

50 mM solutions of the fallowing five sulfur compounds were
prepared: L-cysteine, reduced glutathiovne, ana the sodium salts
of <ulfite, thiosulfate, and thioglycclate. The compounds were
dissolved in water and the pH adjusted to mneutralaty.

Acridine orange, a fluorescent stain, was used to stain the
incubated filters. A 0.1 percent stock solution was first
prepared by dissclving acridine orange in 10 mM potassium
phosphate buffer at pH 7.2. A 1:10 dilution of the stock i1nto
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Surface {cells/tield) (cells/f1eld-hr)  x solvedihr™') 4 caiculatedihr !}
pvrite (naturall  70.0 3.1 ¢.051 0.2

81,6 2.8 0,060 0.19
pvrite polished 99.8 3.9 7Y .22

3.4 1.8 9,062 .29
pyeite polished 13.7 2.7 ¢.074 $.20
obiicue 4.9 2.0 3,054 .22
average $6.5¢21 2.740.78 0.08140.008 0. 2140.62
pverhotite natural 73.9 2.9 0.046 2.20

98.7 8.3 9,052 0.33
pvrrhotite polished 120 4.0 0.085 0.19
top 124 3.8 0.094 4,15
* v side 79.3 34 0.057 3.18
average 99.2¢22.8 L7404 9.97120.¢16 0.2046.02
gaiena 7.2 .3 .97 4,28

7.4 1.9 5,04 9,22
stibmte 89.2 2.3 0,073 ¢.19

$0.3 F 0.044 0.24
sulfur €7.4 2.4 2.G61 .21

4.6 1.7 0,534 .23
olass 5.7 24 2,05 3.22

45.8 .3 D945 0.21
average $6.2¢13.3 2.340.4 3.50040.013 5,23#0.63
taicite P 1.2 0.471 toal

8%.4 e 0.063 ¢.21

Table V-1. Bacterial colonization of sulfide mineral surfaces.
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cells por colonies attachaent specific

field per field rate growth rate

(cells field-th2) )
cystise 18.0 13.0 1.9 .29
glutathione 8.9 5.5 0.78 0.2
thioglycollate 7.5 6.0 0,85 0.18
sulfite 11.0 1.2 1.0 0.23
thiosul fate 180 10,0 1.4 0.20
control 15.0 9.2 1.3 0.23

sote: 4,900 #F per field

Table V-2. Effect of sulfur compounds on bacterial attachmsent to
aineral surfaces.

Figure V-1. "J-tube” with filter.
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the above phosphate buffer yielded a 0.01 percent working
solution. Both solutions were kept refrigerated between uses.

A 4 percent solution of formalin was used as fixative.

Six cssembled J-tubes were autoclaved and cooled. Intoc five
separate J-tubes were added approximately 25 ml of the five
sul fur-compound solutions. The sixth J-tube. the control, was
left empty. The J-tubes were capped and ftastened to a test tube
rack with the membranes facing down. This positioning ensured
that solution was always in contact with the filter and that no
debris settled on the filter surface. The rack and J~tubes were
submerged in the sulfur spring—-fed pool at Alum Rock Fark iFiqg.
V-2, site 1), After a seven hour incubation period (7:30 AM to
2:30 M) the J-tubes were removed from the creek and the
remaining solutions were poured ocut. The attached filters wera
rinsed with distilled water and the J-tubes were placed in*o a
beaker of 10 percent formalin. The J-tubes were kept
refrigerated in the formalin until the filters were Lo be
examined.

The filters were stained while attached to the J-tubes.
After rinsing away the formalin with water the filters were
flooded with 0.01 percent acridine orange for L0 seconds and
rinsed with water. The J-tubes were then placed into a beaker of
water for S minutes. The latter ensured that the staimning of the
background was minimized. The cells of interest were those
irreversibly attached to the filters so that loss of cells from a
tilter surface during rinsing, staining, or storage was
insignificant. The filters were then peeled awayvy from the
J-tubes and placed onto glass slides with the colonized side up.
After trimming the filters, cover slips were placed on the
filters and sealed with vaspar, an equal mixture of petiroleum
jelly and paraffin.

A Zeiss Photomicroscope @il with epitluorescence was used to
view the filters at 1000X magnification. Twenty fields were
selected randamly from each filter. Fields containg debris were
discarded. All bacteria and microcolonies that fell within or
intruded upon a &653x65 um grid were counted as betng 1n that
field. A microcolony was defined as an accumulation o+
mor phologically similar cells that were rno further than «
cell-length away from a neighboring cell. The number of
micracolonies containing 1, 2, 3-6, 7-12, 13-24, or more cells as
well as the total cell count were noted for each filter. From
the distribution of cells within these microcolonies the gr owth
and attachment rates for Iin situ colonization of the filters
were determined.
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Figure V-2. Close-up of Penitencia Creek inset, Alum Rock Park

Map 3.
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Calculations of total cell count, N, and colony count, Ct,
or attachment rate, A, and growth rate, u, were done for each
field. These field values were totaled and averaged to give the
mean field value for each filter. All results were repeated as
average counts and rates for a filter.

U and duz were also corelated by first averaging
the cell count for the filters and then using these averages in the
growth rate equation of Caldwell.

Field values of A weire correlated by counting the attachment
events {(1.e., all microcolonies) and dividing by the incubation
peri1od. From these values ® (the average of the field values) was
determined, (Three different values for A and A were calculated
depending on the value of Ct used, which depended in turn on the value
of C chosen - see A, Az, and As).

Individual growth rates, u, were calculated with the
following equation:

g =1 (N/Ct + 1)/t

Four values, ul-ud4 were calculated. A second equation was
used to caluculate i three values were determined, u—-u7,
for each field.

In 321ta Incubation of Minerals

Either natural crystal faces or cleavage faces were used as
colonization surfaces. In some cases the crystals were polished using
0.2 micron diamond abresive. In the cas= o+ pyrite and pyrrhotite,
oblique faces (with respect to cleavage and crvystal planes) were
obtained by grinding and the colonization of these taces compared to
that of the natural faces (Fig VY-3). Crystal faces were cleaned
before use by wiping with petroleum ether. Crystals were submerged at
Site 1, Penitencia Creek Alum Rock State Fark.

Study ot Fure Cultures and Natural Communities
in Continuous Slide Culture

Fertilev capirllaries (Fertilev and Gabe, 17269) were used to
construct continuouws slide cultures in which a laminar flow velocity
of 10 cm per second was maintained during microbial colonization and
growth,. The capillaries were two mm 3n depth and 1 mm in width
(internal dimensione). The small sire of these capillaries made it
difficult to properlv focus the condenser on the cells for phase
Mmicroscopy. In addition the capirllaries centained stretch marks that
resulted in optical distortions. As a result, capillaries were
produced by bonding cover slips between glass slides using silicone
seal. The dimensions of this culture system were 2 by 2 mm. Liquid
was cupplied via 22 gauwge hypodermic needles inserted through the
silicoune, Sterile medium aor sterile filtered stream water was
supplied continuously and the inoculum was i1njected through a silicone
septum. The inoculum was pulsed repeatedly or continuouwsly until the
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rYRITER PYRRHOTITE
a) CRYAGTAL ~ACE <(100) ad CRYSTAL FACE ((O001)
B) as® OBLIQUE FACE 2) CRYBTAL FACE (1-100)

o) 4° OBLIGUE FACE

Figure V-3. Diagrams of polished crystal surfaces of pyrite and
pyrrhotite. Numbars 1n parentheses reter to minetalogists’ code
far either crvstal +ace or cleavage plane.
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density of cells was 5 to S0 per fireld (4,900 square microns per
field).

Fluorescent Staining

BHacterial cells on minerai and tilter surfaces were visuwalized
using epifluurescent microscopy to observe cells stained with a 2.0l
percent (w/v) solution of acridine orange in a 1O aMl phosphate bufier
{pH 7.2,

A novel stain, MEBER, was also evaluated as a potential staining
technique. 1t gives a blue tluworescence upon reaction with thiols
(kascwer et al.. 19785 Newton et ai.. 12610,

A S50 mM stock of MEER (Calubiochem -Behring - now called Uehring
Diagnostic) 1n acetomitrile was made. rfAcetonitrile (CHxCN) ag
used because it will dissolve MBBR and 1t is only & poorly
nucleophilic solvent. Tinds solutioun can be kept reirigerated iror
months., f oM solutions are made by diluting the stock into Ims
buffer 30 oM Tra , pH 8.0, 3 oM 0T, This working solution chould
be made fresh daily since the MBER will react siowly wilth water.
glasw. since uv radiation speeds up the nuclegpinlic attach an rlgf,
hydrolysie can be greatlv reduced by shieldino the I oM solubtion +rom
light. This will prolong the "lifetime" of the worbing selution.

Results and Discussion
Ilncubation of Minerale Under (o Seée Londitions

To delermine whether a bacteri1al firilm furms cn sulrw mnerals
in r2tu, various sulfuw-—containiig and other mnerals were
incubated at Bite 1 1n Fermitencia Creek. The rate ot cell growth and
attachment within the swurface microenvironment of miner &l suriaces wWwas
also determined 'Laldwell et al.. 1981, 19800 . Minerals studied
included pyrite, pyrrirobito, galena, stibnile, barite, selentte
(calcite), aworphous tngutse ot elemental suifur, and hemebite. A +f1lm
rapidly furmed on each of tihe minerals, however, oo ditier ences
between the rate of colonization or various miner als were observed
(Table V-1) with the waiception of pyrite and pyrrholtite which were
more rapidly colonized than other minerals. Thnis contirmse results
previously obtained in cortinuous culture but which evaded repetition
under Jr =iéa condihions (kaefl and taldwell, 19834).

LData +tur Lactertal colonrcation ot wach mineral are presented 1n
Table Y—1. The average oumber o+ cells in each fi1cld N and the
houwrly attachment rate (A) are given v the firet two colunns.  No
ocutstanding difrerences belween mnerale in tinal population could be
sewn there. decavse Lhe oumber of replicatos for each surface t. pe
was small, pvrite, pyrrihotite and the remaining surtaces wel € comparsd
as groups as shown i1n the histogram 1n Figure ¥V -92. Fyrrhotite had
fifty percent more bacteria than other surfaces. but this ditference
inay be due tu errors in the estimates. Yhe error bars represent one
etandard deviation ot the five to ten surfaces compiled in each aroup.
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Figure V-35. Exponential growth of Pseudomonas fluorescens
batch culture (50 ml volume, 150 rpm shaking) « =0.331
hr=:, Ta =2.09 h. ’

_1945-1 .
10 ML BATCH, 250 RFM e
.| GROWTH RATE = 0.52 PER HOUR :
DOUBLING TIME = 1.3 HOURS
GLUCOSE = 1 G PER LITER *.-

In OPTICAL DENBITY
U
(3]
"

-3
-2F )
-40f
. . E©
& 4 S € 7 8

INCUBATION PERIOD (HOURS)

Figure V-6. Exponential growth of Pseudomonas fluorescens
batch culture (10 al volume, 230 rps shaking) a =0.35135
hr—-*, Ta =1.346 h.
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Two growth rates were calculated for bacteria on each surface.
Al though these values differed by about a factor of four depending on
the method of calculation, they were constant from sample to sample
within experimental error. The lack of a significant enhancement of
growth by one mineral type indicates that either the substrates had a
negligible effect on growth or that the bacterial community was too
heterogenous to reveal enhanced growth. Sulfide coxidizers were
probably nct the predominant bacteria in the incubation site.

The growth equation developed by Caldwell et al. ‘1981) was uss=d
to abtain growth rates from the observed bacterial populations. With
values +or total cells (N) and attachment (A), a looping,
trial-and—error computer program was used to solve the equation fuwr
growth (u..

N = A/7u (expilut) —- 1) {1)

This gave the first growth rate listed in Table V-i. With the
assumption that the colonies reached steady growth and attachment
rates, a szecond equation was derived by Caldweil et al. (1983). In
this equation grewth could be directiy calculated.

u = 1n{N/ACL + 1/t (23

i1 was the average number of occurrences that a colony size class (i—,
2-, 4-, 8-, 16-cells, etc.} was geen on a surface and t was the
incubation time. This growth rate 1s the second valua giver in Table
V--1. Direct observation of two actively growing coloniecs described
earlier in this chapter gave an aveirage growth rate of €.58/h. The
second growth rate was closer to this valuwe, but this may have been an
artifact,

The surfaces of the selenite crystals dissolved markedly, so the
results from their colonizatiosn were not included here. One polished
side and both polished oblique suwfaces of the pyrrhotite were
microscopically streaked or blemished, so their counts were not
included either. A visual comparison ot the pclished pyrrhotite and
pyrite indicated that there was more shallow pitting on the
pyrrhotite, which may have been due to its faster weathering.
CQuantitative examination with such techniques as scanning electron
micrascopy or computer-—aided i1mage enhancement of these surfaces
before and after coionization are needed to confire this observation.

In S1tu Incubation of Membrare Enrichments

To determine whether surfaces enriched with soluble sulfur
substrates (cysteine, glutathione, thioglycclate, sulfite, and
thiosul fate) increased the rate of growth or attachmert of natural
communities, membrane enrichments were i1ncubated at Site 1. These
rates were determined as described by Caldwell et al. (1981, 1983%).
The enrichments were incubated slightly downstream from sulfur springs
which released sulfur—-oxidizing bacteria. This ensured that the in
situ concentration of sulfur substrates would be below that supplied
by the membrane enrichments and that appropriate communities would be
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Figure V-7. Drifting sode of surface colonization.




Figure V-11. Static mode ¢ surface colonization.
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Figure V~12. (a) Schematic di
agram of coloni i anb
culture apparatus; (b) diagrame of obsei:::?Znazga;:er -
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present. The results of thic study {Tabie Y-2) showed no significant
difference belween the experimental treatments and the control
membrances which lacked substrate.

Differences between Microbial Growth kinetics
in Cell Suspensions and in rilms

The growth or Pseudowonas fluorescens, a heterotrophic sulfur
oxidizer, was studied i1n batch cell suspensiaons and 1n continuous
culture. Iri batch culture the cells were oxygen i1i1mited (growth rate
G.33 per hour under oxvgen limtation and .52 per hour when
vicorously aerated, Fig V-5 and &). As shown tn Fig V-7 and 8, growth
withan the +1lm was glucose limited. O6Glucose limitation could be
eliiminated bv 1ncreasing leminar flow and consequently decreasing the
thicikness ot the hydrodynamic boundary layer. It can be seen that the
attached ceils are capabdle ot growth rates equal to or taster than the
rates achteved 1n ligquid culture.

Lit ferences between Microbial Behavior
1in Cel) Suspension and in Biofilms

Seweral behavioral phenomena were cbserved for cells growing
within the hyvdrodyrnamic boundarwv laver that have not previously
repur ted.,  tespite a flow of 19 cm per secund 1n the enviranment, tne
bacteriae were able tou move treelv i1n both directions within the
hvdrodyvnamic boundaryv layer which apparently provides a calm zone
wmithin whicih tuibulence 1s avolded and 1n which bacterial motility 1s
remartably erfective. During the divasien of cells on surfaces unigue
mechanisms of tremaining attached during cell divisiorn were observed as
the coiony tormed. In the dritting mode the zells tumble and drift
acroese the surface at & very slow rate as thev divide. In the
S €Eading mode o1 surtace colontzation the cells spread outward from
the center of the cclony as they divide. In the static mode of
swiace colonizetion the cells siay tightly growped withain the colony
al though thay do undergo separation and reocrientation. (Figures
P & A
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