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(19, 28). A net doubling time for cell numbers of 23 days in this
system (2) may explain why it takes 3 months before micro-
colonies appear.

From day 709, the biofilm developed into a looser structure

defined by nearly complete surface coverage and increased
biomass and biofilm thickness. No increase in cell numbers was
seen when microcolonies developed into a looser structure
with high surface coverage. The general model for biofilm
formation does not predict this final change in structure, which
may be explained by the production of extracellular polymeric
substances. Extracellular polymeric substances, including poly-
saccharides, DNA, and peptides, influence the morphology of
the biofilm, allowing more elaborate structures to form (13,
44). Another factor is the presence of a substantial amount of
iron oxides on the substratum in the old biofilm samples (ob-
served as rust on the test plugs), due to precipitation from the
water phase. Iron oxides may act as a matrix supporting the
observed looser biofilm structure (4). Finally, sloughing and
erosion could influence the physical structure of the biofilm by
removing large microcolonies, resulting in a less rough biomass
with a smaller average thickness.

Spatial variation of biofilm composition in the reactor. The
model system was operated as a completely mixed reactor with
a retention time of 2 h, which ensured that all biofilm samples
were exposed to the same water phase (3). Therefore, the
position of the plug should not influence the population profile
of the attached microbial community. T-RFLP confirmed that
the bacterial composition of the old biofilm formed was rela-
tively homogeneous, as shown by the random clustering of the
communities rather than clustering by actual distance (Fig. 4).
Only one area sampled, covering 51 cm in the model system,
appeared to cluster according to distance (positions 59 to 66).
To test for statistical significance, the dissimilarity matrix of
population profiles was compared to the physical distance be-
tween the samples by using the Mantel test for incongruence
between matrices. A correlation between position and compo-
sition was observed (P � 0.0011) when samples from positions
59 to 66 were included in the analysis. Without these samples,
the remaining plugs were distributed independently of position
(P � 0.159). On the basis of these results, it can be concluded
that the position in the model system had only a minor influ-
ence on the population of the biofilm. These results demon-
strate the suitability of the model system for examining the
influence of the age of a biofilm on the microbial community,
even though one minor area behaved differently.

Temporal variation of biofilm composition. To investigate
the temporal variation of biofilm community composition in
the model system, we used a strategy in which plugs were
inserted at different times but sampled simultaneously (2). This
approach controlled for variation due to time of sampling and
thereby enabled an investigation of temporal variation in the
attached microbial population over a long time span. Biofilm
samples that were 1 to 1,093 days old were analyzed in dupli-
cate by T-RFLP. Two samples did not yield enough DNA for
comparison and were excluded from the analysis.

The analysis clustered the young biofilm (1 to 94 days) and
the old biofilm (500 to 1,093 days) in distinct clades (Fig. 5). It
is not completely clear whether the biofilm gradually changed

FIG. 3. Quantification of biofilm development over time. The table
below the panels shows the average biomass, thickness, and coverage
and a statistical comparison of young and old biofilms by using Stu-
dent’s t test and linear regression. Values in parentheses are standard
deviations. d, days; sign., significant.

FIG. 2. Scanning confocal laser microscope micrographs showing the structural development of the biofilm aging from 1 day (d) to 3 years.
Samples from 1 to 633 days were acquired at a magnification of �630, whereas samples from 709 to 1,093 days were acquired at a magnification
of �400. The two different magnifications were applied to enable concurrent visualization of single cells and larger morphological structures.
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during the first 94 days. There seemed to be some separation
between samples that were 1 to 20 days old and samples that
were 27 to 94 days old, but these differences were not as
distinct as those between young biofilm and old biofilm. The
256-day-old sample appeared to group apart from the young
biofilm, but more samples from this time point are needed for
the results to be conclusive. Among the old biofilm samples, no
temporal separation was observed. To ensure that the dendro-
gram was not an artifact of the clustering algorithm, a second
tree was calculated by using the Jaccard index and clustering
with the unweighted pair-group method with arithmetic aver-
ages (24, 43). The separation of young and old biofilm samples
was again observed (data not shown), confirming the initial
grouping. Since cluster analysis is purely a classification tool
and does not provide a level of significance, a statistical assess-
ment of the correlation between age and population profile
was performed by using the Mantel test. When the diversity
matrix used for clustering and a matrix for the difference in age
were compared, a significant correlation was seen (P �
0.0002), confirming the clustering pattern.

With the use of cluster analysis as a sorting tool, it is possible
to statistically compare the peak numbers of the different

clades. The number of peaks can be regarded as an indirect
measurement of species richness in a sample but should be
interpreted with care, since peak numbers can be dependent
on the strength of the T-RFLP signal (8). Nevertheless, the
analysis showed a significantly larger number of peaks in the
old biofilm (29) than in the young biofilm (17) (P � 0.008;
Student’s t test). Likewise, a larger number of peaks were
observed in bulk water (29) than in the young biofilm (P �
0.0005; Student’s t test), whereas no significant difference in
the number of peaks was observed between the old biofilm and
bulk water. Ten specific peaks were present in all of the old
biofilm samples but could not be detected in the young biofilm
samples, whereas five of those peaks were seen in bulk water
samples. Two peaks were detected in the young biofilm but not
in the old biofilm.

The combination of a clear clustering pattern, differences in
numbers of peaks, the presence of distinct peaks, and the
relative distances between the different subpopulations ana-
lyzed (young, old, and bulk) revealed a clear influence of age
on the species composition of the biofilm.

Recently, it was demonstrated how cells are slowly trans-

FIG. 4. Comparison of 15 samples of similar ages to analyze for
spatial variation. The number after “Var” for each sample indicates
the position in the model system shown in Fig. 1. The dendrogram was
calculated by using a dissimilarity matrix from the T-RFLP profiles and
a subsequent cluster analysis with the neighbor-joining algorithm. d,
days.

FIG. 5. Comparison of all samples to analyze for temporal varia-
tion. The dendrogram was calculated by using a dissimilarity matrix
from the T-RFLP profiles and a subsequent cluster analysis with the
neighbor-joining algorithm. See the legend to Fig. 4 for details.

6904 MARTINY ET AL. APPL. ENVIRON. MICROBIOL.

 on June 18, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


ported along the substratum due to shear under turbulent flow
conditions, resulting in the net movement of a biofilm (38).
This phenomenon would have had a strong impact on biofilm
formation on an introduced virgin surface in between older
biofilm areas, as with the approach applied in this study. The
observed correlation between age and community composition
indicates that the primary mechanism for biofilm formation
involves the deposition and growth of bacteria in this system
and no or limited transport of cells along the surface.

Even though a stationary biofilm in terms of cell density was
observed after 200 to 300 days (2), the physical structure con-
tinued to develop. If the result is applicable to other systems,
it illustrates the importance of examining temporal variation,
since a biofilm may continue to evolve even at constant cell
densities. This finding may have some implications for the
interpretation of model studies of the survival of pathogens,
which are often carried out in young biofilms, since biofilms in
real-world systems distribution are usually much older, with
quite different properties.

Identification of community members. In order to identify
the dominant bacteria in the biofilm at various stages of de-
velopment as well as to confirm the clustering pattern based on
T-RFLP analysis, 228 16S rRNA fragments were cloned, se-
quenced, and subjected to a phylogenetic analysis (A. C. Mar-
tiny, H.-J. Albrechtsen, E. Arvin, and S. Molin, unpublished
data). By performing in silico digestion of the generated se-
quences, one can predict the organism(s) responsible for indi-
vidual peaks in the T-RFLP profile (26). A few peaks could be
predicted by this analysis, but for the majority of the peaks, no
match with the sequences was found. The combination of the
dominance of a few bacteria and a high diversity at a low
abundance of the target population demands that a consider-
ably larger number of clones be sequenced in order to make
this comparison of T-RFLP profiles and sequences. This goal is
beyond our capabilities at present and shows one advantage
obtaining a full profile of a community by using T-RFLP com-
pared to cloning and sequencing.

Fluorescent in situ hybridization was used to try to examine
the relationship between biofilm structure and community
composition. Several approaches, including multilabeled
polyribonucleotides, were applied to visualize the cells, but all
were unsuccessful. The outcome may have been due to the low
activity and therefore the low ribosome level of the bacteria in
the biofilm.

The phylogenetic analysis showed that a strain affiliated with
Nitrospira moscoviensis dominated the bulk water (30 to 40%)
and was present in all biofilm samples at a lower abundance (a
detailed analysis of the phylogenetic relationships of the bac-
teria seen in the system was carried out by Martiny et al.
[submitted]). This genus is known to use nitrite as an energy
source (10). Another strain included in the Nitrospirae phylum
but phylogenetically distinct from N. moscoviensis appeared in
a high abundance (44%) in the 94-day-old sample, reaching
78% in the 256-day-old sample, and dropping to 17.6% after
571 days; it was not detected after this time point or in the bulk
water.

Compared to the young biofilm, the old biofilm was inhabi-
tated by a large number of different strains, including those of
Planctomyces, Acidobacterium, and Pseudomonas (Martiny et
al., submitted). These strains are mostly known to proliferate

through heterotrophic growth, even though some planctomy-
cetes can perform anaerobic ammonium oxidation. These find-
ings suggest that as the biofilm develops, new niches are cre-
ated, allowing for alternative food chains to be introduced.

Species richness. Based on the phylogenetic analysis, each
group of sequences that formed a monophyletic clade was
defined as an operational taxonomic unit (OTU), and the
relative richness was calculated as the number of OTU divided
by the number of sequences. Relative richness was used be-
cause many sequences were detected only once, indicating a
much higher absolute diversity. Figure 6 illustrates the unimo-
dal progression in richness as the biofilm developed together
with richness in bulk water. An initial diversity at the level of
that in bulk water was observed in the 14-day-old biofilm and
dropped to three species by day 256. Following this period, the
diversity increased, reaching a level in the old biofilm slightly
higher than that in the water phase. This progression in species
richness confirms the observed increase in peak numbers gen-
erated from the T-RFLP profiles. Nevertheless, since the rich-
ness estimate is relative, it is impossible to demonstrate
whether the decrease in richness seen during the first 256 days
is caused by species exclusion or by an altered relative abun-
dance of species, thereby “hiding” less abundant bacteria.

Successional development in a biofilm? Does succession
happen in this biofilm? The first step in the formation of a
biofilm in the model drinking water distribution system is the
attachment of single cells scattered on the surface. This attach-
ment results in a high level of initial diversity of microbes
recruited from the planktonic population, including known
culturable organisms such as Pseudomonas, Sphingomonas,
and Aquabacterium as well as Nitrospira.

The second step in biofilm formation is characterized by an
increase in cell numbers, potentially from the growth of a
population affiliated with the Nitrospirae, and the first micro-
colonies appear. These organisms dominate the microbial
community by day 256 and may be responsible for the micro-
colony formation by clonal growth, which is a known mecha-
nism for microcolony formation in biofilms of mixed commu-
nities (40). Concurrently, the richness of the community
decreases, a finding which may suggest that an efficient com-
petitor is selected for in the biofilm. The “rise and fall” of this
population affiliated with the Nitrospirae indicates how the

FIG. 6. Changes in OTU richness during biofilm development. To
adjust for a slightly uneven sample size, the richness was normalized
against the total number of sample sequences.
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biofilm may create new ecological niches that are important for
its composition.

The third step happens between 256 and 700 days, when a
looser biofilm structure covering most of the substratum is
formed. This period is correlated with a population change
into a distinct community, as observed by T-RFLP and se-
quencing, and as a result, the mature biofilm population does
not consist of patches of independent populations. The old
biofilm is defined by a flat community structure of high diver-
sity including both heterotrophic and autotrophic organisms.
These findings suggest that a reduction in the activities of a few
dominating organisms allows a variety of organisms to settle
and survive in the biofilm, potentially proliferating from the
organic carbon generated by autotrophic organisms. This di-
versity pattern fits a recently proposed conceptual model for
the succession of bacteria in a biofilm (16).

The mature biofilm has overridden differences in the micro-
environment, topography, etc., at the scale of sample size and
of giving rise to a distinct community, although biofilm visual-
ization reveals a heterogeneous structure of the biofilm at a
fine scale, with large compact areas of cells separated by
patches of a monolayer of bacteria on the substratum. There-
fore, the homogeneous composition of the population in the
mature biofilm could mask a dynamic situation at a smaller
scale. Nevertheless, the analysis reported here shows how the
formation of the biofilm at the structural and community levels
in this system is a result of successional development into a
mature, defined community.
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