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a b s t r a c t

Methods for characterizing nitrifying bacteria within biofilms are of key importance to

understand and optimize the nitrification kinetics of attached growth treatment facilities.

In this work, we propose an analytical protocol based upon environmental scanning

electron microscopy (ESEM) and confocal laser scanning microscopy (CSLM) in combina-

tion with fluorescent in situ hybridization (FISH) to characterize the structure of nitrifying

biofilm as it remains attached to the original reactor substratum. This protocol minimizes

the loss of mass and distortion of in situ perspective commonly associated with tradi-

tionally applied microscopic techniques and thereby enables a more accurate estimation of

the nitrifying biomass within biofilm attached to the substratum. The use of ESEM elimi-

nates the destructive preparatory procedures associated with traditional scanning electron

microscopy and thus the loss of mass and shrinking of the samples. ESEM is used in this

study to evaluate the percent coverage of the substratum with biofilm and the biofilm

thickness. CLSM–FISH is used to determine cell counts in the biofilm and to characterize

the undisturbed substratum/biofilm interface. By hybridizing and analyzing the nitrifying

biofilm using CLSM as it remains attached to the substratum, the loss of material and

distortion of in situ perspective associated with the biofilm detachment process is mini-

mized. Moreover, by conducting the CLSM analysis directly on the nitrifying biofilm as it

remains attached to the substratum it is shown that cell counts at the substratum/biofilm

interface differ significantly from that located above the interface.

ª 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Regulations governing the discharge of treated wastewaters

have become increasingly stringent with respect to nitrogen

loads and the removal of ammonia. Thus, the optimization of

nitrification remains an important subject of wastewater

treatment research. The process of nitrification is defined as

the sequential, biologically mediated, oxidation of ammonia

via nitrite to nitrate in the presence of oxygen, and it is

currently the most economical means of ammonia removal

from municipal wastewaters (Metcalf and Eddy, 2003).

The sensitivity of nitrification to fluctuating loads, pH and

temperature, however, has often led to a temporary or an

extended deficit of ammonia removal within suspended

growth treatment facilities. The development of more effi-

cient and compact attached growth technologies such as
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Biological Aerated Filtration (BAF) treatment systems has

shown improved rates and maintenance of nitrification (Le

Tallec et al., 1997 and Payraudeau et al., 2000). BAFs incorpo-

rate inert substratum that filter suspended solids and support

attached bacterial growth in the form of biofilms. Biofilms are

composed of microorganisms attached to a substratum as

immobilized cells embedded within a self-produced, extra-

cellular polymeric substance (EPS) matrix (Carpentier and

Cerf, 1993; Costerton et al., 1995 and Dunne, 2002). The nitri-

fying bacteria of interest in BAFs thus exist within this EPS

matrix attached to the substratum.

The rate of ammonia removal from wastewater treatment

facilities is ultimately governed by the concentration and

activity of the nitrifying bacteria. Therefore, methods for

characterizing these organisms are of key importance to

understand and optimize nitrification kinetics within BAF

treatment facilities. Environmental scanning electron

microscopy (ESEM) and confocal laser scanning microscopy

(CSLM) are two microscopic methods that can be used for the

analysis of biofilms.

ESEM is a modified scanning electron microscopy (SEM)

procedure with a variable pressure chamber unit that

enables high magnification surface images of moist and non-

conductive specimens, such as bacterial biofilms. The vari-

able pressure chamber replaces the high pressure chamber of

a traditional SEM and thus eliminates the need for destruc-

tive sample preparation techniques associated with standard

SEM imaging (Little et al., 1991; Priester et al., 2007). There-

fore, imaging of specimens can be conducted in their natural

state without the traditional steps of dehydration, critical

point drying and metal coating, which can disturb the

integrity of the specimen. ESEM images provide valuable

information about the structure of a biofilm attached to

a selected substratum. Specifically, the percent biofilm

coverage of the substratum and the thickness of the biofilm

on the substratum can be quantified from the surface

images.

Although ESEM is a simple and nondestructive method of

characterizing biofilm, it is not a widely used method for the

characterization of biofilms in water treatment systems (Little

et al., 1991; Surmana et al., 1996; Morato et al., 2004; Priester

et al., 2007). Contrarily, SEM has been commonly used in

combination with CLSM as a tool to visualize the detailed

architecture of biofilms and granules, the microbial compo-

sition of biofilms and granules, and coverage of biofilm on

surfaces (Weber et al., 2007; Sharma et al., 2008). Stoeck et al.

(2003) have reported high-quality SEM images of target cells

that were first identified by FISH. Their approach shows the

benefits of using FISH in addition to electron microscopy, but

it also demonstrates the destructive nature of the fixatives

commonly used for SEM. On the other hand, the combination

of ESEM along with FISH and CLSM has been rarely used

(Ghosh et al., 2001; Roberts et al., 2004), while this combination

provides the promise of visualizing and characterizing bio-

films without the destructive preparatory procedures required

for SEM analysis.

Fluorescent in situ hybridization (FISH) with rRNA-targeted

oligonucleotide probes provides a cultivation-independent

method of monitoring bacterial populations in biofilms and

has demonstrated particularly promising results for the

analysis of nitrifying biofilms (Amann and Fuchs, 2008;

Mobarry et al., 1996; Daims et al., 2001a,b; Wagner et al., 2006;

Schramm et al., 1996; Gilmore et al., 1999; Maixner et al., 2006;

and Gieseke et al., 2001). In situ hybridization is the process of

annealing an oligonucleotide probe to a specific target strand

of rRNA in a morphologically preserved bacterial cell (Amann

and Fuchs, 2008). Under the correct hybridization conditions,

this probe binds to the specific genetic sequence of the

expressed rRNA molecule in the targeted preserved cell

(Daims et al., 1999). Before the probe is allowed to enter the

bacterial cell of interest and anneal to the cell’s rRNA,

a reporter molecule must first be attached to the probe in

order to detect the probe once hybridization is complete. In

this study, fluorescent dyes were used as reporter molecules

because they are easily detected and recorded using CLSM. If

a complementary rRNA sequence is not present within the

bacterial cell (i.e., the bacteria is not part of the targeted

group), hybridization does not occur and the probe is simply

washed from the cell. The bacteria that have been hybridized

with the selected probes are observed in their three-dimen-

sional environment using CLSM and ultimately characterized

in terms of the size and distribution of the bacterial colonies,

the percent coverage of the bacterial colonies within the bio-

film, and the number of hybridized cells.

CLSM in combination with FISH (CLSM–FISH) has been

successfully applied for direct analysis of whole cells within

microbial populations in activated sludge systems (Daims

et al., 2001a,b; Wagner et al., 1996, 2006) and attached

growth systems (Amann and Fuchs, 2008; Mobarry et al.,

1996; Schramm et al., 1996; Gilmore et al., 1999; and Gieseke

et al., 2001). Although promising results have been demon-

strated using whole-cell CLSM–FISH, the accurate quantifi-

cation of the microbial population remains a challenging

task. In particular, Amann et al. (1998), Daims and Wagner

(2007) and Amann and Fuchs (2008) have shown that

quantification of the microbial population using CLSM–FISH

can be compromised by limited probe permeability, low

cellular rRNA content, inaccessibility of the probe binding

site, high background fluorescence, visual cell counting

limitations of digital images and loss of mass during FISH

procedures.

Recent work has demonstrated innovative methods of

overcoming these limitations. The use of catalyzed reported

deposition (CARD) of fluorescently labeled tyramides in

combination with FISH has shown an increased ability to

identify cells that are difficult to identify using FISH (Schön-

huber et al., 1997; Pernthaler et al., 2002). Nucleic acid modi-

fication of probes has also shown higher affinities for target

nucleic acid and therefore an improved ability to identify the

cells of interest (Fuchs et al., 2000; Worden et al., 2000; Kubota

et al., 2006). With respect to an ability to accurately quantify

the number of labeled-cells, Daims et al. (2001a) used an

internal standard, in the form of spiking the samples with

Escherichia coli cells, to determine absolute counts of FISH-

identified cells in biofilms. Specifically this ‘‘Spike-FISH’’

approach provided a means of reducing errors from floc or

biofilm detachment from microscopic slides during FISH. In

addition, Daims et al. (2006) have developed a protocol that

protects a sample’s 3D structure and reduces loss of mass

during FISH procedure. This ‘‘3D-FISH’’ method embeds the
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samples in polyacrylamide gel pads to protect the biofilm

during the fixation and dehydration steps of FISH. These

advances have been supplemented by progress in semi-

automated counting of labeled-cells. Specifically, the daime

(Daims et al., 2006) and COMSTAT (Heydorn et al., 2000) soft-

ware have demonstrated promising results with respect to

characterizing the labeled-cells in terms of counting of cells

and calculations of biovolumes.

Although promising advancements have been shown in

whole-cell CLSM–FISH, the successful characterization of

ammonia oxidizing and nitrite oxidizing bacteria in waste-

water treatment biofilms remains to be conducted on biofilm

grown directly on microscopic slides or with biofilm that has

been grown on and then analyzed directly on its natural

substratum (Okabe et al., 1999; Schramm et al., 1996; Bies-

terfeld et al., 2001; Gieseke et al., 2002). The configuration of

CLSM does not require that the surface of the specimen be

opaque or completely flat in design. Thus CLSM–FISH pres-

ents the possibility of investigating attached bacteria

without removal from their natural substratum and there-

fore presents an opportunity to more accurately investigate

in situ whole cells. Two inherent concerns with growing and

analyzing nitrifying biofilm on a microscopic slide rather

than on its natural substratum are the (i) effects of the

different substratum on biofilm architecture and (ii) inability

to characterize the substratum/biofilm area of attachment.

In addition, detachment of biofilm from its natural

substratum and re-attachment of the biofilm onto a micro-

scope slide introduces additional manipulation of the nitri-

fying biofilm that leads to potential loss of mass and/or

distortion of in situ perspective, and subsequently the

inability to investigate the contact area between the

substratum and the biofilm.

A limited number of studies have demonstrated the use

of CLSM–FISH directly on the biofilm attached to its original

substratum (Gieseke et al., 2003). Although the reasons for

the limited application of FISH directly on the biofilm

attached to the substratum have not been reported, it can

be speculated that very thick biofilms often need to be

sectioned prior to hybridization to ensure that the entire

biofilm is hybridized. Nitrifying biofilms are thin, thus

making them good candidates for hybridization as they

remain attached to the substratum. The purpose of this

study is to propose an analytical protocol for nitrifying

biofilms based on microscopic techniques that minimize the

loss of mass and distortion of in situ perspective commonly

associated with traditionally applied techniques. Specifi-

cally, this protocol incorporates ESEM analysis of nitrifying

biofilm in combination with CLSM–FISH conducted directly

on the biofilm as it remains attached to the substratum.

ESEM is used in place of the commonly employed SEM while

CLSM–FISH is conducted on the biofilm as it remains

attached to the substratum in contrast to the common

procedure of removing the biomass from the substratum or

directly growing the biofilm on a microscope slide. ESEM

along with CSLM–FISH conducted directly on nitrifying bio-

film attached to the substratum have rarely been used in

studies of water treatment systems but can be used

together to estimate the number of active bacterial cells

attached to the substratum.

2. Materials and methods

2.1. Biofilm samples

The biofilms analyzed in this study were sampled from two

laboratory-scale, nitrifying BAF up-flow reactors. The nitri-

fying biofilms were grown on 3.8� 1.2 mm diameter, hydro-

phobic, polystyrene bead substrata (Veolia Water, Paris,

France) within laboratory reactors. The temperature within

the reactors was 20 �C; the hydraulic retention time (HRT)

ranged from 1 to 4 h depending on the influent concentration

of ammonia, the superficial velocity was maintained at

21 mm/min with a recirculation pump, the pH was between

7.2 and 7.8, and the dissolved oxygen (DO) ranged between 6

and 7 mg/L. The design of the laboratory reactors allowed the

removal of the substratum from the reactor with minimum

disturbance to the biofilm. Synthetic wastewater (SWW)

solution was used to provide nutrients and ammonia to the

biofilm within the reactors. The SWW was composed of

Na2CO3$H2O (44 mg/L), FeSO4$7H2O (80 mg/L), ethylenedi-

amine tetraacetic acid (EDTA) (178 mg/L), KH2PO4 (5833 mg/L),

NaH2PO4 (463 mg/L), CaCl2$2H2O (30 mg/L), MgSO4$7H2O

(178 mg/L), MnCl2$4H2O (0.1 mg/L), Na2MoO4$2H2O (0.05 mg/L),

CuSO4$5H2O (0.01 mg/L), ZnSO4$7H2O (0.05 mg/L). The

ammonia concentration within the laboratory reactors was

maintained at 5 mg-N/L while the feed stream was devoid of

NO2
�, NO3

� and carbon. The laboratory reactors were allowed to

run for a period of approximately 6 months before the

analytical examination of the biofilm commenced. It should

be noted that for simplicity, different beads were used for the

ESEM analysis and the CLSM�FISH analysis. However, the

protocol presented here could readily be carried out such that

beads analyzed by ESEM are subsequently analyzed by

CLSM�FISH.

2.2. SEM sample preparation and image acquisition

Ten polystyrene beads with attached biofilm were fixed with

2.5% gluteraldehyde for 3 h. The samples were then rinsed in

phosphate-buffered saline (PBS) and placed consecutively in

vials containing 50%, 70% and 96% ethanol for 20 min at each

concentration. Following dehydration, the samples were

critical point dried using carbon dioxide as the transitional

fluid instead of air drying to maintain the stability of the fixed

structures. The samples were attached onto viewing stages

and sputter coated with gold in order to prevent static buildup

during viewing of the samples. The samples were imaged on

the SEM microscope (Philips XL30 FESEM).

2.3. ESEM image acquisition

Ten polystyrene beads with attached biofilm were removed

from the laboratory reactor and 100 ESEM images were taken

without storage or preparation (Hitachi S-4300SE/N ESEM).

The samples were placed directly onto a viewing stage and

subsequently placed inside the microscope vapor chamber.

The gaseous phase within the vapor chamber was water

vapor. Samples were analyzed for up to 20 min at 20 Pa before

the biofilm began to dry within the vapor chamber and the
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appearance of the biofilm was affected. Secondary electron

detection mode was used to capture high resolution topo-

graphic images of the biofilm while backscattered electron

detection mode was used to capture images of exposed bead

surface and biofilm with higher contrast. The two detection

modes were used interchangeably, balancing resolution and

contrast. Images between the �250 and �500 optical magni-

fications proved ideal for quantification of the biofilm percent

coverage and thickness.

2.4. ESEM image analysis

The percent coverage of the biofilm on the bead and the

thickness of the biofilm were quantified from the ESEM

images using the image analysis software, Vision Assistant 7.1

(National Instruments, LabView 8.0). The integrated threshold

function was used to segment the pixels of a grayscale ESEM

image into two binary categories, a biofilm category and the

background (bead surface) category. All pixels that fell within

the grayscale range defined as the biofilm interval were

assigned a value of one. All other pixels within the background

interval were set to zero. The thickness of the biofilm on the

beads was also quantified from the ESEM images. Sample

images were captured such that the curvature of the bead

allows the final extent of the biofilm to be digitally measured

relative to the surface of the bead. Vision Assistant 7.1 was

used to measure the biofilm thickness.

2.5. FISH reference cells

Pure cultures of the ammonia oxidizing bacterium (AOB)

Nitrosomonas europaea (ATCC no. 25978) and of the nitrite

oxidizing bacterium (NOB) Nitrobacter sp. (ATCC no. 25384)

were obtained from the American Type Culture Collection

(ATCC), Rockville, MD, USA. The pure cultures were inoculated

and maintained in ATCC culture media recipes no. 2265 and

no. 480, respectively. Both cultures were maintained in

a shaker at 26 �C. Nitrosomonas cultures were monitored every

three days to maintain the pH between 7.2 and 7.8 with sterile

5% Na2CO3. Nitrobacter cultures were monitored weekly for

nitrite accumulation to prevent inhibition conditions. The

pure Nitrosomonas and Nitrobacter cultures served as controls

to test the hybridization of the oligonucleotide probes.

2.6. FISH oligonucleotide probes

The following rRNA-targeted oligonucleotide probes were

used. (1) EUB338, a probe that anneals to the rRNA of all

bacteria was used in this study as a positive control for

hybridization efficiency; (2) NON338, a complementary probe

to EUB338 that is incapable of annealing to the rRNA of

bacteria was used in this study as a negative control; (3)

NSO190, a probe specific to all known beta-subclass,

ammonia-oxidizing proteobacteria was used in this study to

hybridize ammonia oxidizing bacteria (Nitrosomonas) and (4)

NIT3, a probe specific to Nitrobacter spp. The oligonucleotide

probes were synthesized, labeled with fluorescent dyes and

purified by MWG Biotech Inc., Huntsville, AL, USA. The

labeling fluorophores used were indocarbocyanine dye CY5,

indocarbocyanine dye CY3, indocarbocyanine dye CY3 and

fluorescein isothiocyanate (FITC) for the oligonucleotide

probes EUB338, NON338, NSO190 and NIT3, respectively. The

probe sequences, the specificity, the attached fluorophores

and the hybridization conditions are listed in Table 1.

2.7. FISH sample preparation

Ten whole bead substrata samples with the attached biofilm

were subjected to the in situ hybridization procedures of

Amann et al. (1990) and Manz et al. (1992). Modifications to the

procedure were introduced in order to hybridize the entire

substratum, with the attached biofilm, as opposed to removed

biofilm fragments attached to a microscope slide. A 30 gauge

syringe (Fisher Scientific, Ottawa, ON, Canada) was pushed

into the polystyrene bead so that the sample (i.e., the bead

substratum with the attached biofilm remaining intact) could

be manipulated and controlled by the syringe staff attached to

the bead, thus eliminating the potential effects of tools

coming into contact with the biofilm and thereby conserving

the integrity of the biofilm around the exterior of the bead. The

portion of the bead substratum influenced by the syringe was

negligible with respect to the total surface area of the bead,

leaving greater than 95% of the bead surface area intact and

available for analysis. The samples were fixed with 4% para-

formaldehyde for 1 h at 4 �C by submerging the bead into

a 2 mL vial of paraformaldehyde. During this process, care was

taken to ensure that the samples did not contact the sides or

bottom of the vial. The samples were then rinsed in PBS and

placed in vials containing 50%, 70% and 96% ethanol at 4 �C for

3 min at each concentration. Hybridization with two probes

was performed on each sample in subsequent steps by first

hybridizing with the probe of higher stringency (Wagner et al.,

1994). All hybridizations were performed by placing the

samples within vials containing the hybridization buffer and

the probe at 46 �C for 90 min. The hybridization buffers were

composed of 0.9 M NaCl, 20 mM trishydroxymethylamino-

methane–hydrochloric acid (Tris–HCl), 0.01% sodium dodecyl

sulfate (SDS) and a probe-specific formamide percentage as

indicated in Table 1. The probe concentration within the

hybridization buffer, for each of the four probes used in this

study, was 5 ng/mL. Hybridization was followed by rinsing the

samples with a washing buffer and placing the beads within

a vial containing the washing buffer at 48 �C for 20 min. The

washing buffers consisted of 20 mM Tris–HCl, 5 mM ethyl-

enediamine tetraacetic acid (EDTA), 0.01% SDS and a probe-

specific NaCl concentration as shown in Table 1. Following the

washing step, the bead samples were air dried, rinsed with

sterile, distilled water and stained with 4,6-diamidino-2-phe-

nylindole (DAPI, 1 mg/ml) for 10 min in the dark. The samples

were then rinsed with sterile, distilled water, air dried and

mounted on glass bottom culture dishes (MatTek Corporation,

Ashland, MA, USA) in GelTol mounting medium (Fisher

Scientific, Ottawa, ON, Canada). The samples were stored at

4 �C in the dark, for up to a week, until examined.

2.8. FISH image acquisition

Hybridized samples of the bead substratum with the attached

biofilm were analyzed using a Zeiss LSM 510 META confocal

laser scanning microscope equipped with an argon laser
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(458 nm, 477 nm, 488 nm, 514 nm), diode laser (405 nm) and

two HeNe lasers (543 nm, 633 nm). The HeNe laser (543 nm)

and BP 560–615 filter was used to excite and emit the CY3

fluorophore; the HeNe laser (633 nm) and LP 650 filter was

used to excite and emit the CY5 fluorophore; the argon laser

(488 nm) and the BP 505–530 filter was used to excite and emit

the FITC fluorophore; and the diode laser (405 nm) and the LP

420 filter was used to excite and emit fluorescence from the

DAPI stain. A �63 oil immersion lens was used to view and

capture 1.0 mm thick, 207� 207 mm optical sections. Five

sections, with vertical intervals of 2–6 mm between each

section, were acquired within the biofilm at randomly

selected adjacent locations to produce a stack of images that

can be combined to produce a visual 3D representation of the

biofilm at each specific location and can ultimately be used to

determine the average cell numbers per volume of biofilm. In

this study, a thickness of 1.0 mm was chosen for each section

based on the value corresponding to the approximate mean

cell diameter for Nitrosomonas and Nitrobacter populations

(Sharma and Ahlert, 1977). The intervals between the acquired

sections were chosen depending upon the specific thickness

of the biofilm at the location of interest; particularly, the first

of the 5 sections was acquired at the substratum/biofilm

interface and the final section was acquired near the external

limit of the biofilm (the biofilm/liquid interface when the bead

sample was within the reactor).

The whole-cell identification efficiency of the NSO190 and

NIT3 specific probes were tested using pure cultures of N.

europaea and Nitrobacter sp. Each sample of pure culture was

hybridized with the NSO190, NIT3, EUB338, and NON338, in

addition to being stained with DAPI. NSO190, EUB338, and

DAPI allowed 99.3� 2.5%, 99.0� 2.6%, and 99.5� 1.5% of the N.

europaea cells to be identified, respectively. Only 0.1� 0.3% and

0.1� 0.2% of the pure culture cells of N. europaea were falsely

identified using NON338 and NIT3, respectively. NIT3, EUB338,

and DAPI, allowed 98.8� 2.8%, 98.3� 3.4%, and 99.0� 2.6% of

the Nitrobacter cells to be identified, respectively. Only

0.1� 0.3% and 0.5� 1.2% of the Nitrobacter cells were falsely

identified using NON338 and NSO190, respectively. In addition

to inefficient hybridization, the ability to quantify the bacterial

community within biofilm using FISH with rRNA-targeted

oligonucleotide probes can be compromised by (1) limited

probe permeability of the target bacterial cells, (2) low cellular

rRNA content of the bacterial cells or (3) background fluores-

cence (Amann et al., 1995). In situ hybridization of the biofilm

samples with the EUB338, NSO190 and NIT3 probes along with

DAPI staining demonstrated that all the probes and the dye

were able to penetrate to the complete depth of the biofilm

and that the bacterial cells contained a sufficient rRNA

content to be readily visualized. The accessibility of the cells

at the substratum/biofilm interface to the DAPI stain and to

the oligonucleotide probes was confirmed by staining cells

with DAPI and hybridizing with the EUB338 probe. Specifically,

the fact that DAPI and EUB338 illuminated the same cells is an

indication of good probe permeability. It was further

confirmed that the cells located at the substratum/biofilm

interface were able to be hybridized with NSO190 and NIT3 by

comparing the total number of cells at the substratum/biofilm

interface stained with DAPI with the total number of cells

hybridized with NSO190 and NIT3. The small, average thick-

ness of biofilm (35 mm) associated with the samples used in

this study is believed to be advantageous in terms of probe

penetration through the film. Thus, the study of the applica-

bility of this protocol to thicker, heterotrophic biofilms from

municipal treatment plants is of interest for future studies in

our laboratory. The intrinsic fluorescence of the bead surface

and the biofilm (background fluorescence) can produce false

positives or mask hybridized cells during analysis. Thus,

NON338 probe hybridization and hybridization without

probes were used to measure the detector gain, amplifier gain

and amplifier offset settings of the confocal microscope that

produced background fluorescence emission of the bead

surface and/or the biofilm used in this study. The testing

phase of this study was subsequently conducted below the

detector gain, amplifier gain and amplifier offset values that

correlate to background fluorescence effects of the samples.

2.9. FISH image analysis

The size and distribution of the bacterial colonies, the percent

coverage of the bacterial colonies with respect to the biofilm,

and the cell count of the ammonia oxidizing bacteria and the

nitrite oxidizing bacteria were quantified from 200 digital

CLSM images. The size and distribution of the ammonia

oxidizing colonies and the nitrite oxidizing colonies were

measured using the software package that accompanied the

Table 1 – Probe sequences, specificity, attached fluorophores, and hybridization conditions used for the rRNA
oligonucleotide probes used in this study.

Probe Probe sequence Specificity Fluorophore Hybridization conditions Reference

Formamide
concentration (%)

NaCl
concentration (mM)

EUB338 GCT GCC TCC

CGT AGG AGT

Bacteria Cy5 20 0.225 Amann et al. (1990)

NON338 ACT CCT ACG

GGA GGC AGC

Non-binding Cy3 20 0.225 Schramm et al. (1996)

NSO190 CGA TCC CCT

GCT TTT CTC C

Ammonia-

oxidizing bacteria

of the beta-subclass

of the Proteobacteria

Cy3 55 0.020 Mobarry et al. (1996)

NIT3 CCT GTG CTC

CAT GCT CCG

Nitrobacter spp. FITC 40 0.056 Wagner et al. (1994)
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confocal microscope (Zeiss LSM Image Browser, Version 4.2).

The percentage coverage and cell count of the ammonia

oxidizing and nitrite oxidizing bacteria were determined using

the same software used for the ESEM image analysis (Vision

Assistant 7.1). The threshold analysis function of NI Vision

Assistant was used to segment the illuminated cells of interest

from the rest of the CLSM image. This procedure was followed

for the ammonia oxidizing bacteria and subsequently for the

nitrite oxidizing bacteria. The segmented pixels, correspond-

ing to the cells of interest, were then quantified and expressed

as the percentage coverage of the image area and/or enumer-

ated and expressed as the number of cells per image. The

threshold values used in this study were calibrated separately

for each probe. The number of cells within a defined area of an

image was first manually counted and secondly quantified in

terms of pixels by adjusting the threshold value in order to

generate the correct pixel number that corresponded to the

counted number of cells. The agreement between the manu-

ally counted cells and the cells counted by the threshold

analysis, determined from an additional 20 analyzed images,

was 106.1� 17.1% and 101.8� 8.1% for ammonia oxidizing

bacteria and nitrite oxidizing bacteria, respectively.

3. Results

3.1. ESEM and SEM: comparison of loss of mass

The images in Fig. 1 show topographic views of three repre-

sentative bead samples at �30, �35 and �400 magnifications

Fig. 1 – Representative ESEM and SEM images of nitrifying biofilm attached to a 4 mm diameter polystyrene bead: (a) and (c)

are ESEM images at 335 magnification and (b) and (d) are ESEM images at 3400 of the bead samples shown in (a) and (c) at

the locations outlined in the white rectangles; (e) is an SEM image at 330 magnification and (f) is an SEM image at 3400 of

the bead sample shown in (e) at the location outlined in the white rectangle.
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using ESEM and SEM. Bead samples in Fig. 1a, b (�35 and�400,

respectively) are the same, where the white square in Fig. 1a

depicts the location of the image shown in Fig. 1b. The same

relationship holds true for the bead shown in Fig. 1c and

d (�35 and �400, respectively) along with the bead shown in

Fig. 1e and f (�30 and�400, respectively). Images in Fig. 1a, b, c

and d were acquired using ESEM. Images in Fig. 1e, 1f were

acquired using SEM.

Shrinking of the sample and loss of biofilm mass were

observed during and post-SEM sample preparation. The

sample shown at �30 magnification in Fig. 1e, which was

analyzed using SEM, has a smaller diameter than the samples

shown at �35 magnification in Fig. 1a, c, which were analyzed

using ESEM. This is due to the shrinking effect of the SEM

preparatory procedure on the polystyrene bead and the

attached biofilm. The diameters of 10 beads analyzed using

SEM in this study were measured prior to the preparatory

procedure and after the preparatory procedure. These

measurements showed an average change in diameter of

0.9� 0.25 mm (average original bead diameter was

3.8� 1.2 mm), which demonstrate an average percentage

change in diameter of 24� 0.4%. As no preparatory procedure

was conducted prior to ESEM analysis, the diameters of all the

samples examined using ESEM did not demonstrate any

effects of shrinking or swelling.

Comparison of Fig. 1a, c and e demonstrates loss of mass by

the SEM sample preparation procedure. As seen in the images

analyzed with ESEM (Fig. 1a, c), areas of thick biofilm (greater

than 100 mm in thickness) in the form of anomalies are part of

the biofilm structure. Fig. 1a shows an anomaly of thick bio-

film (237 mm thick) at the top right corner of the image and

Fig. 1c shows an anomaly of biofilm (110 mm thick) at the top

left corner of the image. Although the anomalies cover, on

average, less than 3% of the bead surface area these anomalies

appear in 73% of the samples analyzed with ESEM. The

average thickness of these anomalies is 235� 114 mm. It

should be noted, however, that the total percent volume of an

average anomaly compared to the total volume of biofilm

within a reactor is less than 10%. No anomalies (areas of bio-

film with a thickness greater than 100 mm) were observed in

any of the samples that were analyzed by SEM (e.g., Fig. 1e),

thus providing the false impression that the biofilm is more

homogeneous in thickness.

3.2. ESEM: percent coverage and thickness
of biofilm on bead

ESEM is used to determine the percent coverage and thickness

of the biofilm on the bead. Percent coverage of substratum by

biofilm was quantified using higher magnification images

(e.g., �400 magnification) to minimize the effect of the

curvature of the bead on the grayscale threshold analysis.

Fig. 2 shows an example of an image used to quantify the

percent coverage of the biofilm. Fig. 2a is the same ESEM

image as Fig. 2b; however, the image in Fig. 2b is a black/white

image that has been processed using grayscale threshold

analysis. This analytical procedure enhances the visual

contrast between the biofilm and the bead substratum by

assigning a white pixel to the biofilm portion of the image

while assigning a black pixel to the bead surface; thus, the

biofilm appears in white and the bead surface appears in black

(Fig. 2b). The percentage coverage of biofilm in Fig. 2b with

respect to the bead surface was calculated as 72%. Table 2

shows the results of the percentage coverage of the

substratum by the biofilm for the two reactors that were run at

20 �C under the same operating conditions. Due to the lack of

preparatory procedure and thus rapid nature of the ESEM

analysis, approximately 100 ESEM images were analyzed for

each reactor to determine the values shown in Table 2. The

results demonstrate that the average percent coverage values

for both reactors fall within the 95% confidence intervals of

the other reactor thus demonstrating that similar percent

coverages of biofilm was obtained for both reactors.

The thickness of the biofilm on the surface of the bead

substratum can be quantified using low or high magnification

images. Fig. 1a, c shows �35 magnification images of two

samples that have an anomalously thick biofilm at the top

portion of the images. The thicknesses of these anomalies are

readily measured in the digital ESEM image as 237 and 110 mm

for Fig. 1a, c, respectively. To measure the thickness of the

predominant thinner section of biofilm that covers the

majority of the bead surface, the image acquired at �400

magnification in the area outlined by white squares in Fig. 1a,

c can be used. Fig. 1b, d shows these �400 magnification

images. The biofilms in Fig. 1b, d measure 22 and 28 mm,

respectively. The thickness of the biofilm for the two reactors

that were run at 20 �C under the same operating conditions is

Fig. 2 – Representative ESEM images of nitrifying biofilm attached to 4 mm diameter polystyrene bead: (a) 3400

magnification and (b) threshold analyzed image of (a) with biofilm in white and the bead surface in black.
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shown in Table 2. The results demonstrate that both reactors

displayed a similar thickness of biofilm, where the average

thickness values of both reactors fall within the 95% confi-

dence intervals of the other reactor. The repetition of this

procedure at approximately 100 locations on samples from

the two reactors run in this study were analyzed and used to

provide the mean, standard deviations and confidence inter-

vals shown in Table 2. Combining the percent coverage and

thicknesses of the nitrifying biofilm provides an estimate of

the volume of biofilm per bead. The average volume of biofilm

per bead measured in each of the reactors used in this study

was 1.0� 0.6 mm3/bead for reactor R1 and 0.8� 0.6 mm3/bead

for reactor R2.

3.3. CLSM–FISH: size and distribution of bacterial
colonies, percent coverage of bacteria in biofilm, and cell
count

Fig. 3 shows two CLSM–FISH images of a 1 mm thick section of

biofilm that was co-hybridized using NSO190 and NIT3 oligo-

nucleotide probes and subsequently stained with DAPI. These

CLSM–FISH sections of biofilm were acquired at �630 magni-

fication and with a 140� 140 mm lateral area. NSO190 was used

to illuminate the AOB in red and NIT3 was used to illuminate

NOB in green as described in Section 2. Fig. 3a shows the AOB

and NOB cells illuminated in red and green, respectively.

Fig. 3b shows all of the bacterial cells illuminated in blue with

DAPI. It should be noted that images in Fig. 3a, b are acquired

at precisely the same section of the biofilm. Thus the

comparison of these two images allows probe penetration and

hybridization to be validated as described in Section 2.8.

The CLSM–FISH sections of biofilm shown in Fig. 4 were

acquired at various depths within a nitrifying biofilm. These

CLSM–FISH images were acquired at �630 magnification, with

a 1.0 mm thickness and with a 140� 140 mm lateral area. Fig. 4a

shows the nitrifying microbial community of interest within

the first 1 mm slice of biofilm located at the biofilm/bead

surface interface. Fig. 4b c and d is the next sequentially

acquired 1 mm sections, respectively, located at 5, 10 and

15 mm above the bead surface. These images allow the

observation of qualitative characteristics such as the relative

location of the microbial clusters within the biofilm. Fig. 4

demonstrates that the AOB exist in close proximity to the NOB

colonies. This proximity was previously shown in other

nitrifying biofilms (Mobarry et al., 1996; Schramm et al., 1996,

1998).

Quantitative information such as size and distribution of

the bacterial colonies, percent coverage of the biofilm by the

hybridized bacteria, and the number of hybridized bacteria

(i.e., total cell count) can also be obtained from the CLSM

Table 2 – Percent coverage of substratum by biofilm (ESEM), thickness of biofilm (ESEM), percent area covered (CLSM–FISH)
by ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB). Average, standard deviation and 95% confidence
intervals shown for samples from two reactors, R1 and R2, under the same operating conditions.

Experiment Reactor Percent area
of substratum

covered
by biofilm (%)

Thickness of
biofilm (mm)

Percent area
of biofilm covered

by AOB (%)

Percent area
of biofilm covered

by NOB (%)

Average 95% Confidence
interval

Average 95% Confidence
interval

Average 95% Confidence
interval

Average 95% Confidence
interval

20 �C R1 57.8� 19.1 74.6–41.1 38.4� 20.4 46.9–29.9 2.8� 3.0 3.4–2.2 0.9� 1.6 1.5–0.6

20 �C R2 57.4� 13.1 68.9–45.9 32.0� 23.3 42.2–21.8 3.4� 3.5 4.1–2.7 1.3� 4.8 2.3–0.3

Fig. 3 – CLSM images taken at the same location within the nitrifying biofilm attached to the substratum. Images are located

6 mm above the substratum and are 1 mm thick, 140 3 140 mm in lateral extent and are acquired at 3630 magnification:

(a) NSO190 and NIT3 co-hybridized FISH image showing ammonia oxidizing bacteria (NSO 190) illuminated in red and

nitrite oxidizing bacteria (NIT3) illuminated in green and (b) DAPI illumination showing stained cells in blue.
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images. The size of the ammonia oxidizing colony in Fig. 4b is

shown to measure approximately 6 mm in diameter and the

large nitrite oxidizing colony in Fig. 4d is shown to measure

34� 26 mm. Distribution of the microbial colonies can be

reported by measuring the distance between clusters of

interest. Fig. 4c shows that the two ammonia oxidizing colo-

nies at the top left portion of the image are 8 mm apart. The

percent coverage of the biofilm by the hybridized bacteria

along with the number of hybridized bacteria per image is

quantified using a threshold analysis. Fig. 4a contains the least

number of AOB and NOB as compared to Fig. 4b–d. Table 3 lists

the percent area of bacteria in the biofilm matrix, area

coverage of the bacteria in mm2 units and the cell count of the

AOB and NOB for the images shown in Fig. 4.

Based upon the assumption that there is only one layer of

cells in each optical section shown in Fig. 4, the cell counts can

be regarded as the cell number per unit volume (Schramm

et al., 1999). The vertical, optical sections can in turn be

averaged and multiplied by the depth of the biofilm in order to

express the total number of AOB and NOB within a stack of

biofilm along its entire depth. Thus, the average cell count

within numerous stacks from random locations along the

surface of the bead can again be averaged in order to provide

an average count of the AOB and an average count of the NOB

per stack on each sample. The average percent area of biofilm

covered by AOB and NOB for the two reactors is shown in

Table 2. A total of 100 CLSM images were analyzed for each

reactor in order to produce the average value. The average

values of AOB and NOB for the two reactors lay within the 95%

confidence interval of the other reactor, thus demonstrating

that the values of AOB and NOB for the two reactors are very

similar. By combining the average cell counts within a stack of

images on a bead with the average volume of biofilm on the

samples (from ESEM analysis) the average number of AOB and

NOB per sample can be estimated.

By performing this procedure directly on the biofilm as it

remains attached to the bead, the bacteria at the bead/biofilm

interface can now be included in the quantification of the

number of cells throughout the biofilm. Table 4 reports the

average percent coverage of the biofilm by the hybridized

bacteria at each depth in the biofilm for the two reactors used

in this study. Interestingly, image number 1, taken at the

substratum/biofilm interface, shows average and 95% confi-

dence intervals of the percent coverage for both AOB and NOB

Fig. 4 – NSO190 and NIT3 co-hybridized CLSM–FISH images of nitrifying biofilm attached to 4 mm polystyrene bead.

Ammonia oxidizing bacteria illuminated in red and nitrite oxidizing bacteria cells illuminated in green. CLSM–FISH images

allow sizes and relative locations of the microbial clusters within the biofilm to be measured. Images are 1 mm thick,

140 3 140 mm sections at 3630 magnification: (a) substratum/biofilm interface (b) 5 mm above bead surface, (c) 10 mm above

bead surface, and (d) 15 mm above bead surface.
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that are notably lower than the images taken above the

interface. In fact, the average decrease in percent coverage

(and therefore cell count numbers) when comparing image 5

to image 1 was 55% and 74% for AOB of reactors R1 and R2,

respectively. The decrease in the percent coverage of NOB in

reactors R1 and R2 was 78% and 86%, respectively. Thus, the

inclusion of the substratum/biofilm interface layer within the

analysis of the biofilm provides a more accurate estimate of

the percent coverage of biomass and cell count numbers of

hybridized bacteria throughout the entire biofilm. It should be

noted that the variation in average cell counts (or percent

coverage of biofilm by bacteria) between images 1 and 5 is not

attributed to incomplete FISH probe penetration, as complete

probe penetration through the biofilm was verified as

described in Section 2.8. Hence, the measured differences in

percent coverage at various locations within the biofilm

(Table 4) are true representations of the structurally non-

homogeneous nitrifying biofilm as it remains attached to the

original substratum.

4. Discussion

The traditionally used SEM technique to characterize biofilm

attached to the beads demonstrated shrinking of the poly-

styrene bead and the attached biofilm (Fig. 1). In addition to

the bead and the attached biofilm being reduced in size, the

SEM preparatory procedure removed all anomalies of biofilm

thickness greater than 100 mm from the bead (Fig. 1). Slough-

ing of the biofilm from the bead surface was also observed

after the fixation step and the dehydration step during the

SEM preparatory procedure. Thus, the destructive preparatory

procedure of this technique ultimately reduces the accuracy

of measuring the percent coverage and thickness of the bio-

film. In accordance with these findings, ESEM analysis was

used in this study to determine the percent coverage and

thickness of nitrifying biofilm attached to a polystyrene bead

as opposed to the traditionally used SEM analysis. The

absence of preparatory procedure for ESEM analysis not only

renders the analytical technique described herein a rapid and

reliable method of quantifying the percent coverage and

thickness of the nitrifying biofilm directly on the substratum

but it also eliminates the shrinking of the sample and loss of

mass associated with traditional microscopic techniques.

This overall lack of manipulation of the sample enables an

accurate average percent coverage of biofilm on substratum

samples within a treatment system to be calculated by simply

repeating the ESEM analytical procedure at random locations

on numerous samples.

Although ESEM provides valuable information regarding

the total biofilm coverage and thickness, it does not readily

allow for quantification of bacterial cells within the biofilm

matrix. Thus, the next step of the herein proposed protocol is

to relate the measured average biofilm thickness and biofilm

Table 3 – Percent area of biofilm covered by cells, area covered by cells, and cell count of ammonia oxidizing bacteria and
nitrite oxidizing bacteria in Fig. 4.

Figure Ammonia oxidizing bacteria Nitrite oxidizing bacteria

Percent area
of biofilm covered

by bacteriaa (%)

Area covered
by bacteria (mm2)

Number of
bacterial cells

Percent area
of biofilm covered

by bacteria (%)

Area covered
by bacteria (mm2)

Number of
bacterial cells

4a 0.5 54 46 0.1 28 11

4b 1.5 162 138 0.3 83 32

4c 3 325 275 0.7 193 76

4d 2.5 270 230 2.1 578 227

a Determined by dividing area covered by bacterial cells by total area of biofilm matrix.

Table 4 – Average, standard deviation and 95% confidence intervals of the percent area covered by AOB and NOB at each
interval in biofilm (CLSM–FISH). Reactors R1 and R2 operated under the same operating conditions.

Image number Reactor Percent area
of biofilm covered

by AOB (%)

Percent area
of biofilm covered

by NOB (%)

Average 95% Confidence interval Average 95% Confidence interval

1 (substratum/biofilm interface) R1 1.3� 1.3 1.9–0.7 0.3� 0.4 0.5–0.1

2 R1 1.6� 1.3 2.2–1.0 0.4� 0.5 0.7–0.1

3 R1 2.9� 3.0 4.4–1.4 0.5� 0.8 0.9–0.1

4 R1 4.3� 3.2 6.5–2.1 1.9� 1.6 2.7–1.1

5 (top of biofilm) R1 2.9� 3.8 4.8–1.0 1.1� 1.2 1.8–0.4

1 (substratum/biofilm interface) R2 1.1� 1.2 1.6–0.6 0.2� 0.2 0.3–0.1

2 R2 1.7� 1.5 2.4–1.0 0.5� 1.0 0.9–0.1

3 R2 3.5� 3.5 5.0–2.0 1.5� 3.6 3.0–0.0

4 R2 6.2� 3.7 7.8–4.6 2.6� 0.9 3.0–2.2

5 (top of biofilm) R2 4.2� 3.7 5.8–2.6 1.5� 3.5 3.0–0.0
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percent coverage on the bead substratum to the cell counts

determined by CLSM–FISH. The fixation, dehydration, air

drying and washing steps of the FISH sample preparatory

procedure will inevitably affect the structure of the biofilm by

similar means that SEM preparation affects the substratum

and the biofilm. Although the polystyrene beads analyzed

using CLSM–FISH were subjected to dehydration, shrinking of

the beads via the collapsing of pore spaces within the

substratum was not observed (i.e., the diameters of the

samples before and after FISH preparation did not change).

The effect of biofilm being sloughed off during fixation,

dehydration or washing was also not visually observed during

FISH preparation. However, it must be noted that even though

the beads did not demonstrate noticeable changes in their

diameter and that loss of mass was not obvious during

preparation, this does not prove that the samples were not

affected by the preparatory procedure for FISH. Thus, to

ensure accurate quantification of biofilm, the amount of bio-

film on bead samples as determined by the nondestructive

ESEM analysis is used in this protocol to quantify the volume

of biofilm whereas the CLSM–FISH method is used to deter-

mine the relative proportions of each cell type in the biofilm

matrix.

The CLSM images analyzed in this study were acquired

within biofilm that was hybridized and analyzed while

remaining attached to the bead substratum. As a result, the

concern of whether the architecture of the biofilm is affected

by growing the biofilm on microscope slides or by removing

the biofilm from its substratum is no longer pertinent. In

addition, the potential loss of mass and distortion of in situ

perspective associated with immobilizing the biofilm on

a microscope slide is eliminated by hybridizing and in turn

analyzing the biofilm as it remains attached to its substratum.

The analysis of the biomass as it remains attached to the

substratum also enables the substratum/biofilm interface

layer to be incorporated into the analysis of the biofilm. Thus,

CLSM–FISH analysis of biofilm attached to its substratum

provides a more accurate estimate of the percent coverage of

biomass and cell count numbers of hybridized bacteria

throughout the entire biofilm.

It should be noted, however, that the effect of preparatory

procedures associated with FISH could not be avoided and

thus some destructive effects to the biofilm may have

occurred prior to CLSM–FISH analysis. Specifically, even

though shrinking effects or sloughing off of mass were not

detected during the preparation of samples for CLSM–FISH,

the percent coverage and thickness of the biofilm data

obtained by the CLSM could potentially have been affected by

the FISH preparatory procedure. This, however, has not been

further investigated and is not relevant to the proposed

protocol since the overall percent coverage of the bead by

biofilm and thickness of the biofilm are obtained by the

nondestructive ESEM procedure. Thus by using the ESEM

analytical results of percent biofilm coverage and thickness

in combination with the CLSM–FISH results of percent

coverage of hybridized bacteria, the average volume of the

hybridized bacteria attached to each substratum can be

estimated.

It should be reiterated, as was previously described in

Section 2.8, that nitrifying biofilm is ideal for conducting

CLSM–FISH directly on the biofilm as it remains attached to

the substratum since nitrifying biofilm is thin and therefore it

does not limit FISH probe permeability to the surface of the

substratum. Also the applicability of this protocol not only

depends on the thickness of the biofilm, but also on the

autofluorescence of the substratum. The polystyrene bead

used in this study did not exhibit any significant auto-

fluorescence; however, other substrata such as sand grains

commonly exhibit high levels of autofluorescence. Thus, the

thickness of the biofilm and the fluorescent properties of the

substratum are of key importance in evaluating the applica-

bility of this protocol to future studies.

5. Conclusions

This study presents an analytical method based on micro-

scopic techniques that enable an estimation of the nitrifying

biomass throughout the entire biofilm as it remains

attached to the substratum while minimizing loss of mass

and distortion of in situ perspective commonly associated

with traditional microscopic techniques. ESEM is used to

quantify the percent coverage of the nitrifying biofilm

relative to the bead substratum and the thickness of the

biofilm, thereby providing a nondestructive approach to

quantify the volume of biofilm on the substratum.

CLSM–FISH is used to characterize the nitrifying biomass as

it remains attached to the bead substratum. In particular,

CLSM–FISH is used to determine the (i) size and distribution

of the bacterial colonies, (ii) percent area of the biofilm

covered by bacterial cells, and (iii) number of AOB and NOB

cells throughout the nitrifying biofilm, including the undis-

turbed substratum/biofilm interface. The bacterial cell

counts within the biofilm determined using CLSM–FISH can

be related to the volume of biofilm covering the substratum

(determined by ESEM) to readily estimate the total cell count

per substratum.

The use of ESEM instead of SEM and the analysis of

CLSM–FISH directly on the nitrifying biofilm as it remains

attached to the bead substratum results in a more accurate

estimate of the number of active bacterial cells attached to the

substratum. The use of ESEM eliminated the loss of mass and

shrinking effects associated with the preparatory procedures

of traditional electron microscopy. Also, by hybridizing and

conducting the CLSM–FISH analysis directly on the nitrifying

biofilm as it remains attached to the substratum, it is possible

to characterize the substratum/biofilm interface that is shown

to differ notably from the rest of the biofilm located above this

interface. In addition, by hybridizing and analyzing the nitri-

fying biofilm as it remains attached to the substratum during

the CLSM–FISH analysis, the loss of mass and distortion of in

situ perspective associated with commonly used biofilm

detachment processes was eliminated. As a result, this study

provides a valuable protocol to estimate the number of

attached cells on the substratum for an entire nitrification

treatment system. The protocol is of particular interest to

researchers wanting to more accurately estimate the cell

counts within nitrifying biofilms as well as achieving

a comprehensive understanding of nitrifying biofilms in their

natural state.
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