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Abstract - A procedure for quantification of distinct bacterial populations in aggre
gated ecosystems was developed. It is based on fluorescent in situ hybridization cou
pled with confocal-laser-scanning microscopy and surface measurement of hybridized 
bacteria by image analysis. The proportion of a targeted bacterial species was ob
tained by comparison between the surface hybridized by a specific probe and the 
surface hybridized with a general bacterial reference probe. The accuracy of the re
sults obtained was evaluated by direct visual counting on the same sets of images. 
The analytical uncertainty of the image analysis procedure was determined and de
pended on the threshold values selected by the operator for cutting between signal and 
background fluorescence. The number of fields to be analyzed for reliable quantifica
tion was also determined. This procedure allows a quantification of the proportions 
of bacterial species in aggregated bacterial ecosystems which gives more accurate re
sults than visual counting because of the large number of bacteria counted. Moreover, 
since floc structures are preserved, it also gives information about the distribution of 
bacterial populations in the floc material which might reveal bacterial interactions 
within the community. 

fluorescent in situ hybridization / bacterial quantification / image 
analysis / activated sludge 

Resume - Quantification des populations bacteriennes des ecosystemes 
complexes par hybridation in situ en fluorescence, microscopie laser con
focale et analyse d'image. Une procedure de quantification de populations bac
teriennes agregees a ete developpee. Elle repose sur l'analyse d'images obtenues a 
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l'aide d'un microscope laser confocal apres hybridation in situ en fluorescence. La 
proportion d'une espece bacterienne cible est obtenue par comparaison entre la sur
face hybridee par une sonde nucleique specifique et la surface hybridee par une sonde 
generale bacterienne de reference sur une serie d'images donnees. L'exactitude des 
resultats obtenus a ete evaluee par comptage manuel sur les meme series d'images. 
L'incertitude de la procedure d'analyse d'image depend de la taille de l'intervalle 
choisi par l'operateur comme etant representatif des seuils de niveau de gris entre 
signal positif et bruit de fond. Il est egalement possible de determiner le nombre 
de champs necessaire a prendre en compte pour obtenir une quantification valable. 
La procedure developpee permet de quantifier les proportions des especes bacteri
ennes presentes dans un ecosysteme agrege (flocs, biofilms ... ). Etant donne qu'un 
grand nombre de bacteries est pris en compte, les resultats obtenus sont plus precis 
que ceux ob tenus par comptage manuel. De plus, les structures bacteriennes etant 
preservees, il est possible d'obtenir des informations concern ant la repartition des 
especes au sein du floc. La nature de cette rep art it ion peut nous aider a comprendre 
les interactions bacteriennes au sein du floc. 

hybridation in situ en fluorescence / microscopie laser confocal / 
quantification bacterienne / analyse d'images / boues activees 

1. INTRODUCTION 

Ecological studies on bacterial ecosystems were long restricted to the cul
tivable fraction of microorganisms. We know that today only 0.1% to 15% 
of the bacteria present in a complex ecosystem, such as soil, sediments, sea
water or activated sludges, are cultivable [3]. This methodological limitation 
has hindered significant advances in microbial ecology of complex ecosystems. 
Nowadays, techniques based on 16S rRNA sequences have considerably ex
tended our knowledge in the field. These cultivation-independent techniques 
are commonly grouped under the designation of "rRNA approach". They en
compass a characterization step, by PCR-amplification and sequencing of rDN A 
molecules present in an environmental sample, and a monitoring step, either 
by the use of sequence-specific DNA separation techniques (DGGE, SSCP, 
T-RFLP ... ) or by the use of 16S rRNA targeted-oligonucleotide probes. In the 
latter strategy, Fluorescent In Situ Hybridization (FISH) is particularly suited 
to ecological studies since it enables the direct visualization of the targeted 
population within its environment. It thus provides useful information on the 
spatial organization and on the particular location of the different species in the 
ecosystem [7,9]. However, until now, FISH has not allowed rapid and reliable 
counting of aggregated bacterial populations. 

Because of the aggregated nature of activated sludge, direct microscopic 
counting of the number of probe-targeted bacteria after FISH was always dif
ficult and tedious. Quantification had either to be done manually by counting 
bacteria under the microscope (often a laborious and time-consuming process), 
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or using disintegration techniques, which can damage the sample [1). To over
come these limitations we proposed a procedure based on the computer analysis 
of images of hybridized bacterial surfaces. The objective of the procedure was 
to quantify the surface area of bacteria hybridized by a specific probe target
ing the microorganisms of interest against the total surface area of bacteria 
hybridized with a general bacterial probe. The procedure was developed on a 
confocal laser scanning microscope. 

2. MATERIAL AND METHODS 

2.1. Sample fixation 

Activated sludge samples were retrieved from laboratory-scale nitrifying re
actors treating synthetic wastewater. These reactors have been described else
where [4). Samples were fixed by addition of 4% paraformaldehyde phosphate 
buffered solution as previously described [6) except that the sample centrifuga
tion steps were replaced by gentle filtration on nylon 0.2 m filters to preserve 
floc structure. 

2.2. Fluorescent in situ hybridization 

Fluorescent in situ hybridization with 16S rRNA targeted probes and subse
quent washes were performed on slides according to conventional protocols [6). 
For the quantification procedure, samples were simultaneously hybridized with 
a specific probe of interest labeled with Cy3 and a general bacterial probe 
EUB338 labeled with Cy5. After hybridization, the slides were air dried 
and mounted with Citifluor anti-fading AF1 solution (CITIFLUOR Ltd, UK). 
Observations were performed on a confocal laser scanning microscope (Zeiss, 
LSM510) equipped with image analysis software (LSM51O for Windows NT4.0). 
For each probe pair, randomly selected microscopic fields of 1 /-Lm thickness were 
recorded with a 40X objective using the 543 and 633 nm laser for excitation 
of Cy3 and Cy5, respectively. Typically, 10 to 20 microscopic fields were cap
tured with constant microscope parameters and gain. Images were digitized in 
1024 x 1024 pixels, 8 bits gray. Artificial blue and red colors were applied to 
Cy5 and Cy3 hybridized bacteria, respectively. 

The probes used in this study and their recommended hybridization strin
gency conditions are summarized in Table I. These probes were purchased as 
HPLC-purified, Cy3 or Cy5-labeled, oligonucleotide derivatives (Interaktiva, 
Ulm, Germany and Cybergene, Saint-Malo, France). 



Table I. Fluorescently labeled rRNA-targeted probes used in this study and recommended hybridization conditions. 

Probe name Probe Sequence Targeted r RN A % formamide Targeted organisms 

5'-3' molecule in the [Ref.] 

and hybridization 

E. coli position buffer 

EUB338 GCTGCCTCCCGTAGGAGT 16S (339-355) $ Most bacteria [2] 

Alf968 TGGTAAGGTTCTGCGCGT 16S (968-986) 35 Alpha subclass of Proteobacteria 

[8] 

GAM42a GCCTTCCCACATCGTTT 23S (1027-1043) 35 Gamma subclass of Proteobacteria 

[6] 

CF319a TGGTCCGTGTCTCAGTAC 16S (3l9-336) 35 Cytophaga-Flexibacter cluster 

[9] 

ACA ATCCTCTCCCATACTCCTA 16S (652-669) 35 Genus Acinetobacter [10] 

NEU23a CCCCTCTGCTGCACTCTA 16S (653-670) 40 Halophilic and halotolerant members of the 

genus Nitrosomonas [ll) 

CTE TTCCATCCCCCTCTGCCG 16S (659-676) 40 Used as a competitor for NEU23a 

[11] 
S-*-N tspa-1026-a-A -18 AGCACGCTGGTATTGCTA 16S (1026-1043) 20 Genus Nitrospim; Nitrospira moscoviensis 

and affiliated clones [5] 

NIT3 CC1'GTGCTCCATGCTCCG 16S (1030-1047) 40 Genus Nitrobacter [12] 

$: For probe EUB338, any formamide concentration below 70% is suitable. 
The probe S-*-Ntspa-1026-a-A-18 does not target Nitrospira members related to N. mar-ina. 
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Figure 1. Determination of the threshold values for surface area measurement of 
~he bacterial populations. Top. Zoom in of a digitized image of a nitrifying activated 
sludge sample simultaneously hybridized with the Cy3-labeled NEU23a probe specific 
)f the Nitmsomonas group (red: in light grey) and the Cy5-labeled EUB338 general 
)acterial probe (blue: in dark grey). Bottom. Grey level profile obtained across the 
ight grey lane drawn on the image. 

3. RESULTS 

3.1. Determination of the threshold values for surface area 
measurement of the bacterial populations 

Sludge samples were spotted on a slide and simultaneously hybridized with 
·;he Cy3-labeled NEU23a probe specific to the Nitrosomonas group of micro
)fganisms and the Cy5-labeled EUB338 general bacterial probe. Microscopic 
lelds were captured and digitized. A zoom in of a digitized image is shown 
.n Figure 1 top. The non-Nitrosomonas bacteria appeared in blue, the Ni
·;rosomonas bacteria appeared in dark pink since they hybridized to both the 
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general bacterial probe EUB338 and the specific NEU23a probe. We can see the 
typical tightly aggregated micro colonies formed by the Nitrosomonas bacteria. 

The critical step of the surface area measurement procedure was obviously 
the determination of the threshold values that should be used to cut between 
both positive signals (Cy3 and CY5 labeled probes) and the background flu
orescence. Rather than arbitrarily selecting a given value, possible intervals 
for threshold values were determined. On a set of 3 to 5 images, a lane was 
drawn across the image and a profile of intensity of the detected signals was 
obtained as shown in Figure 1 bottom. By comparison between the image and 
the gray level intensities recorded, a "conservative" threshold value, that gave 
a large surface area of hybridized bacteria, and a "stringent" threshold value, 
that minimized the surface area of hybridized bacteria, were determined. In 
Figure 1, the "conservative" threshold values for the blue and the red colors 
were set at 20 and 100 gray levels, respectively. The stringent values for the 
blue and the red colors were set at 50 and 170 gray levels, respectively. The 
surface area of the hybridized bacteria was measured using the four estimated 
threshold values. The four possible surface area-ratios (red-100/blue-20; red-
100/blue-50; red-170/blue-20 and red-170/blue-50) were calculated. The mean 
value of the four corresponding surface area-ratios was taken to be the final re
sult (Tab. II). The standard error between the different ratios obtained on the 
same image was taken as an estimate of the uncertainty of the image analysis 
procedure. 

For a given sample and the same hybridization experiment, we observed that 
the threshold values between different images were almost constant. These 
manually determined threshold values were therefore applied to all the images 
of the same series by an automated software command. 

3.2. Number of fields to be analyzed 

The number of microscopic fields required for statistically reliable quantifi
cation can be determined. It depends on the regularity of the distribution of a 
particular species in the floc material. An example is given in Figure 2 using 
a set of images (400x magnification) taken from a sludge sample hybridized si
multaneously with probes Cy3-NEU23a and Cy5-EUB338. For 20 microscope 
fields the relative abundance of NEU23a-positive Nitrosomonas cells was com
puted by surface area-ratio measurements. After analysis of ten microscopic 
fields, stabilization of the mean value for Nitrosomonas abundance was ob
served (Fig. 2A). Despite the highly irregular distribution of Nitrosomonas sp. 
micro colonies within the flocs, the standard deviation of their relative abun
dance also tended to stabilize after examination of 10-12 microscopic fields 
(Fig. 2A). Similar results were obtained for quantification of other probe
defined bacterial populations (data not shown). For some bacterial popula
tions, e.g. members of the Cytophaga-Flexibacter cluster, stabilization of the 



Table 11. Surface area measurement of the Nitrosomonas population. 

NEU23a / EUB338 surface area-ratios (%) 

Fields Thresholds Thresholds Thresholds Thresholds 

170/20 170/50 100/20 100/50 

field 1 19.8 22.0 24.3 27.0 

field2 79.6 81.7 84.7 88.5 

field3 51.4 56.6 62.3 67.7 

field4 59.0 62.8 66.3 70.2 

field5 88.6 91.4 94.1 96.6 

field6 67.7 76.0 85.0 94.1 

field7 60.3 62.7 65.3 68.5 

field8 96.1 99.8 103.9 108.3 

field9 88.8 90.8 92.9 95.4 

field10 78.9 82.1 85.5 89.1 

field 11 43.2 47.2 51.1 55.1 

field12 76.8 80.4 84.0 87.6 

Mean 68.1 71.3 74.7 78.4 

Standard error: standard deviation / vnumber of measures effectued. 

Analytical error (%) 

Mean Standard Standard 

by field deviation error 

23.3 2.7 1.3 

83.6 3.3 1.7 

59.5 6.1 3.1 

64.6 4.1 2.1 

92.7 3.0 1.5 

80.7 9.9 4.9 

64.2 3.0 1.5 

102.0 4.6 2.3 

92.0 2.5 1.2 

83.9 3.8 1.9 

49.2 4.4 2.2 

82.2 4.0 2.0 

73.1 4.3 2.1 
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Figure 2. Determination of the number of fields to be analyzed. Plot, against the 
number of microscopic fields, of the mean value (.) and the standard deviation (D) 
of the surface area-ratio: (a) of cells hybridized with probe NEU23a to that of cells 
hybridized with the bacterial probe EUB338. (b) of cells hybridized with probe 
CF319a to that of cells hybridized with the bacterial probe EUB338. 

mean value and of the standard deviation was achieved with fewer fields indi
cating a more equal distribution of these microorganisms in the floc material 
(Fig. 2B). Examination of 12 microscopic fields was considered to be sufficient 
for subsequent quantification experiments. 

3.3. Accuracy of the surface area-ratio method of counting 

To evaluate the accuracy of the surface area-ratio method for quantifying the 
abundance of a bacterial population, we compared the results obtained by sur
face area measurements with those obtained by direct manual counting. Since 
all the nitrifying populations monitored (Nitrosomonas, Nitrobacter and Nitro
spira) formed very dense aggregates, it was not possible to count their numbers 
accurately. We were therefore unable to perform this comparison on nitrify
ing populations. The comparison was made on a sludge sample hybridized 
with the Cy3-labeled ACA probe specific of the genus Acinetobacter and the 
EUB338 probe. A G=1000 magnification was use to allow visual counting of 
the bacteria in four microscopic fields. Of the 3630 bacteria counted that were 
hybridized with the probe Eub338, 453 (12.5%) were also hybridized with the 
ACA probe. On the same set of pictures, application of the surface area-ratio 
method gave us a ratio of 13.9% with a standard deviation of 2.4% depending 
on the different values of threshold used. The manual counting fitted well with 
the standard deviation of the surface area-ratio measure. 
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3.4. Distribution of the different microorganisms in the floc 
material 

S315 

The surface area-ratio technique was used to evaluate the proportion of the 
different bacterial populations present in an autotrophic nitrifying reactor af
ter stabilization of the performance of the system. Around 10,000 bacterial 
cells were taken into account for each field analyzed. At the time of sampling, 
the ecosystem was composed essentially of nitrifying bacteria (Nitrosomonas, 
Nitrobacter, Nitrospira) which added up to 97.9% of the microbial commu
nity hybridized area. Among them, the ammonia oxidizing bacteria Nitro
somonas seemed to be the major ones with about 70% of the hybridized bac
terial area (Tab. Ill). The nitrite oxidizing bacteria, represented by Nitrobacter 
and Nitrospira, corresponded to 20.8 and 7.3% of the hybridized bacterial area, 
respecti vely. 

The dispersion coefficients varied from one species to another, indicating 
for example that the nitrifying bacteria were more unequally distributed than 
members of the gamma subclass of Proteobacteria or members of the Cytophaga
Flexibacter cluster. Two reasons could be given to explain this difference. First, 
qualitative observation often reported that the nitrifying bacteria were aggre
gated in clusters within the floc material. Second, the probe used in the case 
of the gamma Proteobacteria and members from the Cytophaga-Flexibacter are 
more general than the genus-specific probe used for nitrifying bacteria. They 
could thus hybridize to a potentially more diverse population. This tends to 
give a more equal distribution for the total population monitored with these 
probes. 

4. CONCLUSIONS 

The procedure presented here is a semi-automated treatment of digitized 
images of activated sludge samples hybridized with bacterial rRNA targeted 
fluorescent probes. It quantifies the proportions of the different bacterial pop
ulations of the ecosystem and gives information about their location and distri
bution within the floc material. It is more rapid and more precise than manual 
counting because of the large number of cells taken into account. The fluo
rescent in situ hybridization lasts about five hours overall, and the complete 
analysis of one sample lasted about one hour, including the capture of about 
40 images (20 fields with two dyes) and the image analysis process. Assuming 
that a cell has a mean apparent surface of 1 /-Lm2, each microscopic field ana
lyzed (400 x) contained at least 5,000 bacteria, so that with 12 fields analyzed 
at least 60,000 bacterial cells were analyzed for each quantification experiment. 

This procedure can be used to compare and monitor the microbial popu
lations of complex ecosystems [4]. It should be emphasized however that the 
area-ratio procedure and the manual counting procedure are not measuring 



Table Ill. Quantification of the different bacterial subgroup present in the floc of a nitrifying reactor. 

Population analyzed Number of Mean Mean Variance Dispersion coefficient 

fields analyzed Value Standard error (%) (%) 

(%) (%) 

Nitrosomonas 12 69.8 2.2 3.9 5.6 

Nitrobacter 12 20.8 1.3 1.3 6.4 

Nitrospira 12 7.3 0.2 0.8 11.3 

Alpha subclass of Proteobacteria 14 25.2 1.1 1.4 5.6 

Gamma subclass of Proteobacteria 12 4.0 0.3 0.1 2.0 

Cytophaga-Flexibacter cluster 14 1.5 0.4 0.02 1.3 

Note that the percentages add up to more than 100% because Nitrobacter are members of the alpha-subclass of Proteobacteria. 
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the same parameters. Manual counting gives the proportion of the targeted 
bacterial population in cell numbers, while the area-ratio procedure gives the 
proportion of the bacterial area occupied by this population on a given floc 
section. When the depth of the section analyzed is kept constant and the mi
croscopic fields analyzed are chosen randomly, the area-ratio method gives an 
estimate of the bacterial biovolume proportion occupied by one given bacterial 
population. As bacterial sizes are not constant from one species to another, 
this proportion does not correspond to the relative numerical abundance of the 
targeted bacteria. This is particularly true if the same sample features a wide 
range of bacterial sizes (e.g., small single cells compared to large filamentous 
bacteria). For example, Nitrobacter and Nitrospira are much smaller than Ni
trosomonas and for the same hybridized area-ratio their cell numbers are prob
ably three to four times higher than that of Nitrosomonas. When population 
dynamics are analyzed in accordance with concomitant activity measurements 
of the ecosystem, it is not clear, however, what better reflects the activity of a 
given microbial population: the number of cells or the biovolume occupied by 
this specific population. Finally, within the same bacterial population, the cell 
biovolume may change with environmental parameters and/or the physiologi
cal state of the cell. This long list of recommendations should not discourage 
use of this very effective tool since, compared to other molecular destructive 
tools, it always allows a visual check of the cell's state in the samples. 

The probe S-* -Ntspa-1026-a-A-18 was originally designed to target activated 
sludge clones affiliated to Nitrospira moscoviensis. However, as the attempts 
made to isolate these bacteria were unsuccessful, their involvement in the nitrifi
cation process was not clearly demonstrated [5]. In our reactor, operated under 
strictly autotrophic nitrifying conditions, the maintenance of bacteria hybridiz
ing with this probe suggests a real implication of the Nitrospira moscoviensis
related populations in the nitrifying activity of the ecosystem. 

The extension of this procedure to conventional epifluorescence microscopy 
is underway. Compared to confocallaser scanning microscopy, the major prob
lem is the thickness of the samples which results in signals originating from 
above and below the focus plane and interferes with the surface area measure
ment. Samples must be subjected to a dispersion treatment so that the cells are 
disposed in a single layer on the microscopic slide. The surface area-ratio mea
surement technique can then be applied to these partially dispersed samples. 
However, as the initial structures are not preserved, it is no longer possible 
to obtain information on the distribution of the bacterial species in the floc 
material. 
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