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Abstract

Culture-dependengtudieshave implicated sulfur-oxidizing bacteriaas the causativeagentsof concretecorrosionin sanitarysewers.
Thiobacillus speciesare often consideredhe major representativedf the acid-producingbacteriain theseenvironmentsand members
of the genusAcidiphilium have beenimplicatedto supporttheir growth. Active populationsof selectedThiobacillus Leptospirillum,
and Acidiphilium specieswere comparedto total bacterial populationsgrowing on the surfacesof corroding concreteusing three
oligonucleotideprobesthat have beencon"rmed to recognizeunique sequence®f 16S rRNA in the following acidophilic bacteria:
Thiobacillus ferrooxidans and Thiobacillus thiooxidans (probe: Thio820), Leptospirilium ferrooxidans (Probe:Lept581) and members
of the genusAcidiphilium (probe: Acdp821). With thesegeneticprobes,!uorescentin situ hybridizations(FISH) were usedto identify
and enumerateselectedbacteriain homogenizedio"lm samplesakenfrom the corrodingcrownsof concretesewercollection systems
operatingin Houston,Texas,USA. Direct epiluorescentmicroscopydemonstratedhe ability of FISH to identify signi“"cant numbersof
active acidophilicbacteriaamongconcreteparticles,productsof concretecorrosion(e.g. CaSQ), andothermineraldebris.As judgedby
FISH analyseswith the species-speci"probeThio820,anda domain-levelprobethat recognizesall Bacteria(Eub338), T. ferrooxidans
andT. thiooxidans comprisedbetweenl2% and 42% of the total active Bacteriapresentin corrodingconcretesamples Although both
Acidiphilium andLeptospirillum havealsobeenpostulatedo haveecologicalsigni“cancein acidic sulfur-oxidizingenvironmentsneither
generawas detectedusing genus-speci“grobes(Lept581and Acdp821).? 2002 ElsevierScienceltd. All rights reserved.

1. Introduction Stackebrandt,1994; Islander et al., 1991; Wulf-Durand

et al., 1997). While someinvestigatorshave agreedthat

Thiobacillus is a dominantgenusin acid mine drainage
environments (Evangelou and Zhang, 1995; Harrison,

1984) recent genetic-based studies have suggested
that Thiobacillus speciesmay play a di#erent and per-

hapslesserrole in maintaining acidic environmentsthan

previouslyproposedPecciaet al., 2000).

The productionof sulfuric acid by certain acidophilic
bacteriamay causesigni“cant structuraldamageto sub-
surface infrastructure by promoting the acidic deterio-
ration of concrete sewer pipes (Edwards et al., 1997;
Morton et al., 1991; Parker,1951). Membersof the genus
Thiobacillus particularly Thiobacillus thiooxidans have

often been cultured from bio"Ims growing in corroding
concrete sewers, and are therefore commonly used as
modelsto describehow the metabolismof sulfur-oxidizing
bacteria can catalyze acid production in sewer pipes.
Other acidophilic bacteriahave also beenassociatedvith
corroding concrete sewer crowns and other acidophilic
environments, including Leptospirillum ferrooxidans
and membersof the genus Acidiphilium (Goebel and
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In acidic environments, members of the genus
Acidiphilium may havesigni“cantinteractionswith sulfur-
and iron-oxidizing bacteria,and, speci“cally with regard
to the microbial ecology catalyzing the crown corrosion
of concrete sewers,a mutualistic relationship between
Thiobacillus speciesand membersof the heterotrophic
Acidiphilium genushas been suggested(Islander et al.,
1991). Pureculture studieson T. thiooxidanshaveshown
thesemicroorganismsexcretepyruvic and oxalaceticacids
that can be self-inhibitory at levels between2! 10 ° and
7! 10 5 M (Borichewski, 1967), and it has therefore
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been suggestedhat the growth of T. thooxidansin the
environmentmay requirea relationshipwith an acidophilic
heterotroph.

Culture-based techniques (Harrison, 1984; Islander
etal., 1991) havebeenusefulin identifying responsesf se-
lectedThiobacillusspeciego environmentapH andsul"de
levelsin the headspacef sanitarysewershowever,given
the many limitations and biasesintroducedby quantitative
culture-basedechniques(Amann et al., 1995), extrapo-
lating theseresponsedo determinemicrobial community
relationshipsn situ, shouldbe consideredentative Molec-
ular techniqueshave proven useful in more accurately
describing the microbial ecology of acidic environ-
ments. Signaturefatty acid analysis(Kerger et al., 1987)
has identi"ed neutrophilic and acidophilic Thiobacillus
speciesin corroding concrete sewers. Genetic ampli-
"cation methods (Polymerase chain reaction (PCR))
and 16S rDNA bacterial sequenceanalysis have been
used to identify chemolithoautotrophichacteriain nat-
ural systems containing high sul"de concentrations
(Angert et al., 1998). However, PCR is not yet re-
liably quantitative in many environmental matrices,
and relative abundancecannot be determinedby this
methodalone.MonoclonalantibodiesagainstThiobacillus
ferrooxidans (Baker and Mills, 1982) have been
developedand can be used quantitatively, but they are
di$cult to use for broader population description, as
they are limited to a single serotype.The use of 16S
rRNA luourescentin situ hybridizations (FISH) target-

ing T. ferrooxidans and L. ferrooxidans cells OnestedO

with Bacterial domain FISH cell counts suggest the
presenceand signi"cance of other active speciesin
mine-associatedvastesand provided an important step
towards the quantitative population analysis in these
acidic environmentqSchrenket al., 1998; Edwardset al.,
1999). These studies concluded that T. ferrooxidans
occur mainly in peripheral slime-based communities
(PHA 1:2) and not in the site of substrateacid for-
mation (pH 0.380.7). This previously reported genetic
probe targeting members of the genus Thiobacillus
(Schrenk et al., 1998) is speci"c for the species
T. ferrooxidans only. The presenceof T. thiooxidans
and Acidiphilium speciesin acidic environmentsas de-
terminedby PCR and DNA analysiscoupledwith results
from populationdescriptionstudieswith T. ferrooxidans
and L. ferrooxidans suggesta needto examinedi#erent
specieghat promotesulfuric acid productionin sul"de-rich
environments.

We previously reported the developmentand testing
of two syntheticoligonucleotideprobescapableof iden-
tifying selectedbacteriain acidophilic environments,one
circumscribingT. thiooxidansandT. ferrooxidans andthe
othercircumscribinghememberdo thegenusAcidiphilium
(Pecciaet al., 2000). Using a widely accepteddirect mi-
croscopytechnique(FISH), we reportherethe quantitative
use of multiple, 'uorescently labeled genetic probesto

characterizeactive acidophilic bacteria growing on the
crownsof operatingsewagecollectionsystemsamongcon-
crete particles, concretecorrosion products(e.g. CaSQ),
andothermineraldebris.

2. Materials and methods

2.1. Organisms,culture techniquesand nucleicacid
hybridizations

Pure culturesof microorganismsusedin this study are
listedin Table 1. Cultureswere obtainedfrom the Ameri-
can Type Culture Collection (ATCC, Rockville, MD), the
GermanCaollection of Microorganismsand Cell Cultures
(DSMZ, BraunschweigGermany) All organismsverecul-
turedaccordingto ATCC andDSM recommendationgzor
positive hybridizationcontrols(FISH), liquid purecultures
were harvestedn mid-log phase.

2.2. Environmentalsamples

Samplesof corrodingconcreteandits associatedbio”Im
were takenduring the summer,1999 from the surfacesof
operatingsanitarysewerdn Houston,Texas,USA. Samples
weretakenby scrapingseveraktentimetersf pipecorrosion
product surfaceswith a clean metal spatula.Immediately
following their collection, sampleswere asepticallytrans-
ferred to sterile 50 ml Oakridge centrifugetubescontain-
ing a fresh 4% paraformaldehyde-basetative solution
in a 1:3 volumetric dilution to preparefor !uorescentin
situ hybridizations.Sampleswveretransportecn ice to the
laboratory,and within 48 h, were washed3! in a 50 mM
phosphate-bu#eresialine (PBS) (150mM NaCl) solution
(pH 7.2) using sequentialcentrifugationand resuspension
(5min @ 10;000! g) accordingto previously described
methods(/Amannetal., 1990).

2.3. Oligonucleotideprobes

The following oligonucleotideprobeswere usedin this
study becausehey have a demonstratedpeci'city to ac-
tive whole bacterialcells in acidic environmentalamples
(Probenotationis in accordanceavith RibosomalDatabase

Table1
Pure culturesusedto con"rm probe integrity, hybridization speci“city,
and recoveryof known additions

Organism Phylogenetiagrouping

phylum (subdivision)

Acidiphilium organovorum(ATCC 43141) Proteobacteria(!)
Thiobacillus thiooxidans (DSM 612) Proteobacteria(")
Thiobacillus ferrooxidans (ATCC 23270) Proteobacteria(")
Leptosprillum ferrooxidans (ATCC 29047) Proteobacteria(")
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Project convention (RDP) (Maidak et al., 1999)): (i)

Acdp-0821-a-A-24 (Acdp821) designedto circumscribe
all RDP cataloguedmembersof the genusAcidiphilium;

(ii) Thio-0820-a-A-22(Thio820) designedo circumscribe
all RDP cataloguedT. thiooxidans and T. ferrooxidans
speciesexceptthe more distantly related mixotrophic T.

ferrooxidans str. m-1 DSM 2392 (Pecciaet al., 2000),
(i) Eub-0338-a-A-18Eub338) designedto circumscribe
all cataloguedmembersof the domain Bacteria (Amann
et al., 1990), and (iv) Lept-0581-a-A-20(LEPT581) de-
signed to circumscribe all speciesof L. ferrooxidans

Fluorochrome-conjugatealigonucleotidesused in FISH
analysiswereobtainedfrom GenosyBiotech(Woodlands,
TX) and HPLC or cartridge puried, dependingon the
recommendationf the luorescentdye manufacturerFISH
analysisprobeswere 5 end labeledwith CY3 (Eub338),
OregonGreen538 (Acdp820andLEPT581),0r TexasRed
(Thio821).

2.4. Fish

Probe-targetedells from sewerpipe samplesand pure
cultureswere observedwith an epiluorescentmicroscope
using the following procedures:Cells were "xed on ice
in 1:3 (v=y dilutions of 4% paraformaldehyddor 1 h.
The "xative wasremovedby sequentiatentrifugationand
re-suspensiorgellswerewashed3! in 0.1% Tergitol type
NP-40 (Sigma Chemical) and re-suspendedh sterile "I-
teredPBS.FISH stainedcells wereobservecbn membrane
"Iter surfacesusing the modi“cationsto a previously re-
portedhybridizationprocedureausedfor microbialvisualiza-
tion on glassslides(Heidelberget al., 1993): hybridization
and incubationwas performedin 1:7 ml microcentrifuge
tubes. Ten microliter of "xed cell solution was addedto
pre-warmed hybridization bu#er (0.1% sodium dodecyl
sulfate (SDS), 0.9 M NaCl, 100mM Tris pH 7.2) con-
taining 200ng of 'uorochrome-conjugate@ligonucleotide
probe. Cells were allowed to hybridize overnightslightly
below the predeterminedlisassociatiortemperaturegTy)
(empirical Ty valueswere determinedat the temperature
where 50% of the probewas elutedfrom rRNA obtained
from pure-culturesthat containrRNA completely homol-
ogousto eachprobe). Fifty microliter of this solutionwas
thenremovedaddedto 450! | of freshhybridizationbu#er
(pre-warmedto Tgy), and incubatedfor 1h at Ty. Cells
were then counter-stainedvith 10! g=ml "nal concentra-
tion 4',6-damidino-2-phenylindoléDAPI, Sigma Chemi-
cal) and "ltered onto 0:22! m black polycarbonaté'lters
(Osmonicsinc., Livermore, CA). The "lters were washed
with hybridization solution at T4 to removeany unbound
probe.Filters were mountedon microscopeslidesfor ob-
servationwith low luorescenceimmersion oil. Bacteria
retainedon membrané'lter surfaceswere observedusing
a Nikon Eclipse E400 series epi-luorescent microscope
(Nikon Corp., Tokyo, Japan). Excitation and emission

"lter setswere chosenin accordancevith luorescentdye
manufactures@ecommendationsThe quantitiesof DAPI

and FISH stainedbacteriain the sampleswere determined
accordingto a widely acceptedprotocol (Hobbie et al.,

1977) using a total of three "lters per samplewhere a
minimum of 10 "elds was countedper "lter. A coe$-

cient of varianceA 30% was chosenasthe criteria for an
acceptableuniform distribution of FISH-stainedbacteria
on the "ltersOsurfacesimageswere capturedby a 24-bit
cooled color digital camera(Spot Camera,Diagnosticin-

strumentsinc., Sterling Heights, MI) and recordedusing
Adobe Photoshop(v 5.0) software (Adobe Systems,San
Jose,CA).

2.5. Whole cell hybridization and speci'city
con!rmation (control)

Probe integrity and speci“city was con"rmed using
FISH techniquesn parallelwith all observationsA "xed
pureculture of mid-log growth targetspeciesAcidiphilium
organovorum(50! 1) wasmixedwith cultures(50! | each)
of "xed non-targetspecies.To con"rm identical probere-
covery thesameamounif A. organovorum(ATCC 43141)
wasaddedo 150! | of steriledeionizedvaterandbothtreat-
mentswerehybridizedwith Acdp821probeaccordingo the
methodgescribedabove Similar con"rmationexperiments
were performedwith targetspeciesT. thiooxidans (DSM
612) andthe Thio820 probe,aswell aswith L. ferrooxi-
dans species(ATCC 29047) using probe Lept581. Three

1.0E+09
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1.0E+07,

#Cells/ gDry Weight

1.0E+06
Corrosion Product (Black)

SampleDescription

Corrosion Product(Yellow)

| oThiobacillus Probe = Eubacteri®robe  mDAPIStain |

Fig. 1. Averagesof FISH- and DAPI-stainedcell countsin homogenized
corrosion product samplestaken from the surfaceof an active sewage
collection systemin Houston, Texas,USA. Barsrepresent cellsg dry

corrosion product circumscribedby Thio820 probe O, Eub338 probe
I, and DAPI-stainedcells B . Site A correspondgo a black surface
bio"Im and its associateccorrosion product sampletaken near a con-

cretemanholeappurtenanceand Site B corresponddo a yellow surface
bio"Im and its associateccorrosionproduct sampletaken from the top

of (crown) a concretepipe near Site A. Error bars representone stan-
dard deviation (n = 3), which in all caseswas A 14% of the average
count.
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microscopeslideswerepreparedor eachtreatmentndcells
were countedaccordingto the methodsdescribecabove.

3. Resultsanddiscussion

3.1. Whole cell FISH stringency,and recovery
of known additions

To verify the recovery of oligonucleotide probes in
this environmentalmatrix, known quantitiesof pure cul-
ture, log-growth target cells (Table 1) were added to
dilutions of mixed culturescontainingnon-targetmicroor-
ganismsfrom environmentalsamples FISH basedcounts
from environmentalsamplesOspiked@ith lab-growntar-
get cells were comparedto direct DAPI-based counts
of sterile water containing identical dilutions of pure
culture cells. Regardlessof the probe and pure cul-
ture used, results of paired t-tests showed that, with
95% con"dence, there was no statistical di#erence be-
tween the increasesin the amountsof cells added to
environmental samplesas judged by FISH, and those
measuredin correspondingdilutions of distilled water
as judged by DAPI. This result was the samefor the
Thio820, Acdp821, and Lept581 probeswhen tested ei-
ther individually or in combination.In all cases,coef-
"cients of variance for all counts were A 25%; thus,
probe speci“city in FISH application was su$cient to
distinguish between Acidiphilium species, Thiobacillus
speciesand Leptospirillum speciesin this environmental
matrix.

3.2. Implementationof probesNenvironmentasamples

Environmentalsamplescollected from concretesewer
pipes (Houston, TX), were subjectto DAPI staining and
whole cell hybridizationwith the following four oligonu-
cleotideprobesThio820,Acdp821,LEPT581,andEub338.
Results of whole cell hybridizations are presentedin
Fig. 1 for two locations; Site A correspondgo a black
surfacebio"Im andits associateadorrosionproductsample
taken near a concretemanholeappurtenanceand Site B
correspondgo yellow surfacebio”lm and its associated
corrosion product sampletaken from the top of (crown)

a concretepipe near the Site A manhole appurtenance.

Thesesiteswere characterizedby history of collectionsys-
temsoperationat lessthancapacity,andelevatechydrogen
sul"de concentrationsAt the respectivesites,direct micro-
scopiccell countsof active Thiobacillus speciesaccounted
for" 65! 10° cellsg dry corrosionproduct(site A), and
59! 10’ cellsy dry corrosion product (site B). While
Acidiphilium specieswere presenttheir averagecell con-
centrationwasbelowthe statisticathresholdfor themethod
detectionlimit in all samplesobservedNo Leptospirillum
specieswere detected.The ability to microscopicallydis-
criminateandcountFISH-hybridizedspeciesn anenviron-

mental matrix containinghigh concentrationsof concrete
particles,varioussolid phasecorrosionproducts,andother
debrisis presentedn Fig. 2 (for Site A). Total countsof

cells hybridizing with the Eub338probewere higherthan
the sumof thosehybridizingto all probesin both samples.
At Site A, 12% of the cells hybridizing with the Eub338
probe were accountedfor by thosealso hybridizing with

the Thio820probe,while 42% of the cells hybridizing with

the Eub338 probe at Site B could be accountedby hy-

bridization with the Thio820 probe.As determinedby the

non-speci'c DNA intercalatingagent DAPI, total counts
of intact cells containing DNA were signi“cantly higher
thancountsassociatedvith the hybridizationof Eub338or

Thio820in bothsamplesAt Site A, only 9% of DAPI pos-
itive cellswereaccountedor by thosehybridizingwith the

Thio820 probe,while 13% of DAPI positive cells at Site

B could be accountedby hybridizationwith the Thio820
probe.

3.3. Summary

The successfulin situ environmental applications of
oligonucleotide probes, speci“c for sulfur-oxidizing and
other acidophilic bacteria, are signi“cant steps toward
guantitativedescriptionsof the microbial ecologythat sup-
ports sustainedbiogenic sulfuric acid production on the
surfacesof concretepipesin sewagecollection systems.
As judged by oligonucleotide probes,which relect sig-
ni"cant ribosomalRNA contentand thus viability, active
bacteriawere quanti"ed on pipe surfacesandin corrosion
productsthat contain high concentrationsof solid-phase
precipitates.The oligonucleotideprobesuseddid not cir-
cumscribeall the active bacterial speciesthat are signif-
icant to the ecosystemassociatedwith concrete sewer
pipe corrosion. Additionally, these probing results indi-
cate that active acidophilic populations are maintained
within bio"lms on both pipe surfacesand manholeappur-
tenanceghat are well removedfrom the raw wastewater
low.
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(b)

Fig. 2. Epiluorescentmicrograph(1000 ) of 16SrRNA in situ hybridizationfor: (a) TexasRed-labeledorobe Thio820 speci“c for T. thiooxidansand
T. ferrooxidansand (b) CY3-labeledprobe Eub338.Environmentalsamplesare from scrapingthe inside surfaceof a manholeappurtenanceNSiteA.
Imageswere capturedby Spot 24-bit digital cameraand producedwith Adobe Photoshopb.0 for Windows.
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