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Biopolymers are important substrates for heterotrophic bacteria in (ultra)oligotrophic freshwater environments, but informa-
tion about their utilization at microgram-per-liter levels by attached freshwater bacteria is lacking. This study aimed at charac-
terizing biopolymer utilization in drinking-water-related biofilms by exposing such biofilms to added carbohydrates or proteins
at 10 �g C liter�1 in flowing tap water for up to 3 months. Individually added amylopectin was not utilized by the biofilms,
whereas laminarin, gelatin, and caseinate were. Amylopectin was utilized during steady-state biofilm growth with simultane-
ously added maltose but not with simultaneously added acetate. Biofilm formation rates (BFR) at 10 �g C liter�1 per substrate
were ranked as follows, from lowest to highest: blank or amylopectin (<6 pg ATP cm�2 day�1), gelatin or caseinate, laminarin,
maltose, acetate alone or acetate plus amylopectin, and maltose plus amylopectin (980 pg ATP cm�2 day�1). Terminal restriction
fragment length polymorphism (T-RFLP) and 16S rRNA gene sequence analyses revealed that the predominant maltose-utilizing
bacteria also dominated subsequent amylopectin utilization, indicating catabolic repression and (extracellular) enzyme induc-
tion. The accelerated BFR with amylopectin in the presence of maltose probably resulted from efficient amylopectin binding to
and hydrolysis by inductive enzymes attached to the bacterial cells. Cytophagia, Flavobacteriia, Gammaproteobacteria, and Sph-
ingobacteriia grew during polysaccharide addition, and Alpha-, Beta-, and Gammaproteobacteria, Cytophagia, Flavobacteriia,
and Sphingobacteriia grew during protein addition. The succession of bacterial populations in the biofilms coincided with the
decrease in the specific growth rate during biofilm formation. Biopolymers can clearly promote biofilm formation at micro-
gram-per-liter levels in drinking water distribution systems and, depending on their concentrations, might impair the biological
stability of distributed drinking water.

Polysaccharides and proteins of phytoplanktonic and bacterial
origin represent a significant fraction of the organic matter in

natural aquatic environments (1, 2). Unlike low-molecular-
weight (LMW) compounds, these biopolymers have to undergo
extracellular enzymatic hydrolysis before bacteria can utilize them
(3, 4). Nevertheless, biopolymers are important carbon and en-
ergy sources for heterotrophic aquatic bacteria, because the bac-
terial community composition in freshwater and marine environ-
ments changes when these compounds become abundant during
phytoplankton blooms (5–8). Furthermore, various selected
biopolymers were degraded when added individually to marine
and estuarine water at �100 �g C liter�1 and to marine sediments
at �10 mg C liter�1 (9–14). Marine bacterial communities have
also been reported to degrade selected biopolymers at �10 �g C
liter�1 (i.e., ultraoligotrophic) levels in seawater (15–18), but in-
formation on biopolymer degradation and utilization in (ultra)o-
ligotrophic freshwater is scarce.

Planktonic members of the classes Cytophagia, Flavobacteriia,
Betaproteobacteria, and Actinobacteria contribute significantly to
biopolymer degradation in freshwater environments (13, 19–22).
Certain planktonic freshwater representatives of the genus Flavo-
bacterium are particularly adapted to growth with polysaccharides
and proteins at a few �g C liter�1 in batch tests (23–25). However,
under the turbulent flow conditions prevailing in drinking water
distribution systems and in certain natural lotic freshwater sys-
tems (e.g., brooks and streams), surface-attached rather than
planktonic microorganisms predominate (26). Biofilm formation
in drinking water distribution systems can impair drinking water
quality and safety by causing increased levels of coliform and het-

erotrophic bacteria, esthetic problems (e.g., unusual taste, odor,
appearance, presence of invertebrates), and the growth of oppor-
tunistic pathogens such as Legionella pneumophila, nontubercu-
lous mycobacteria, and Pseudomonas aeruginosa (27). LMW
compounds in drinking water promote biofilm formation in un-
chlorinated distribution systems at only a few �g C per liter (28,
29). Various extracellular biopolymer-degrading enzymes have
been detected in biofilms (30), but biopolymer degradation by
biofilms in oligotrophic freshwater environments has, to our
knowledge, not yet been quantified. Hence, it is not known
whether biopolymers at microgram-per-liter levels can support
the growth of attached heterotrophic bacteria under turbulent
flow conditions in drinking water distribution systems and in nat-
ural (ultra)oligotrophic freshwater systems.

The objectives of our study were therefore (i) to assess the
ability of attached heterotrophic bacteria to utilize biopolymers at
microgram-per-liter levels in flowing ultraoligotrophic water by
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using biofilm monitors (28) supplemented with unchlorinated
tap water and selected biopolymers and (ii) to assess the effect of
polysaccharide or protein addition on the bacterial community
composition of the biofilms formed in these monitors.

MATERIALS AND METHODS
Biofilm monitor. Four different experiments (experiments A to D) were
conducted to assess the biofilm-forming properties of tap water supple-
mented with microgram-per-liter levels of maltose and/or amylopectin
(from corn), acetate and/or amylopectin, caseinate (from bovine milk),
gelatin (type B, from bovine skin), or laminarin (from Laminaria digitata)
(all compounds were from Sigma-Aldrich, Germany) in separate biofilm
monitors (see Table S1 in the supplemental material). These biopolymers
were selected because they are generally acknowledged model substrates
for studies on biopolymer utilization in natural and engineered aquatic
systems (9, 24, 31–33); maltose is a common amylopectin degradation
product and was therefore important in elucidating the kinetics and
mechanisms of amylopectin utilization. The biofilm monitor simulates
the turbulent flow conditions prevailing during drinking water distribu-
tion in residential areas and has been described in detail elsewhere (28). In
short, this test system consists of one or two vertical glass columns (diam-
eter, 2.5 cm; height, 60 cm) placed in a series, each with approximately 40
cylindrical glass rings of 17.4 � 0.2 cm2 that had been heated for 5 h at
550°C before use. Unchlorinated tap water, prepared from anaerobic
groundwater by aeration and rapid sand filtration, continuously flowed
downward through the column(s) at a rate of 275 liters h�1. The dissolved
organic carbon (DOC) content in this feed water was 2.0 � 0.1 mg C
liter�1; the particulate organic carbon (POC) content was below the de-
tection limit (0.2 mg C liter�1); the assimilable organic carbon (AOC)
content was 3 to 5 �g acetate-C equivalents liter�1; and the phosphate and
nitrate contents were 0.02 � 0.02 and 0.12 � 0.04 mg liter�1, respectively
(34, 35). The feed water contained 6.4 (� 3.1) � 104 cells ml�1 (sample
size [n] � 12) and 4.0 � 1.3 ng ATP liter�1 and had an average tempera-
ture of 15.0 � 2.4°C (n � 130) (see Table S2 in the supplemental mate-
rial); other typical characteristics of the feed water have been reported
previously (34, 35). During the first 2 to 4 weeks, only tap water without
organic additives flowed through the system, and an initial biofilm devel-
oped on the glass rings. Subsequently, the addition of individual organic
compounds or mixtures of organic compounds was started by dosing
accurately prepared solutions containing 183 mg C liter�1 per organic
compound at a flow rate of 15 ml h�1. Solutions of individual compounds
were prepared in Milli-Q ultrapure water (Millipore, USA) and were au-
toclaved for 15 min at 103°C, except for the maltose solution, which was
heated for 30 min at 60°C. The mixtures of amylopectin and maltose or
acetate were prepared by aseptically mixing sterile solutions of the indi-
vidual compounds. The water supply and organic compound addition
were continuously monitored and controlled in order to ensure a constant
inlet concentration of 3.0, 4.5, or 10 �g C liter�1 per added compound (�
5%) (n � 130).

Sampling. One or two glass rings were removed from each column of
the biofilm monitor two or three times per week. Each ring was trans-
ferred to a sterile capped glass tube (diameter, 1.9 cm; height, 25 cm)
containing 10 ml of autoclaved tap water (15 min, 121°C) and was sub-
jected to low-energy sonication (LES) using a Bransonic ultrasonic
cleaner, model 5510 (Branson Ultrasonic Cooperation, USA) for 2 min at
a constant 40-kHz frequency and 180-W power output to release the
biofilm from the glass surface. The 10-ml biofilm suspension was trans-
ferred to a sterile, screw-cap Greiner tube (Greiner Bio One B.V., The
Netherlands) and was placed on ice. The LES treatment was repeated
twice, resulting in 30 ml of biofilm suspension per ring. Subsequently, the
biofilm suspension was homogenized by applying high-energy sonication
(HES) with a Branson Sonifier ultrasonic cell disruptor (model W-250D;
Branson Ultrasonic Cooperation, USA) for 1 min at a constant 20-kHz
frequency and an adjusted 90-W power output (45% amplitude). The
biofilm suspension was kept on ice during and after HES treatment.

ATP analysis and bacterial counts. The concentrations of ATP (as a
measure of active biomass) in the biofilm suspensions obtained were mea-
sured using a bioluminescence assay as described previously (36). The
growth rate (�) per day during the exponential phase of biofilm forma-
tion with the organic additive(s) was calculated as (ln BFC2 � ln BFC1)/
(t2 � t1), where BFC2 and BFC1 are the biofilm concentrations (expressed
in picograms of ATP per square centimeter) at time points 2 and 1 (t2 and
t1). The subsequent linear increase in the BFC as a function of time was
used to determine the biofilm formation rate (BFR; expressed in pico-
grams of ATP per square centimeter per day) (28). The BFR/BFC ratio
(per day) is defined as the specific growth rate during the linear phases of
biofilm formation. The minimum or critical specific growth rate (�min)
represents the BFR/BFC ratio in the steady-state phases of biofilm forma-
tion.

Heterotrophic plate counts (HPC) and total direct cell counts (TDC)
of the biofilms were determined once to three times per 14 days, depend-
ing on the BFR. HPC values were determined using triplicate R2A agar
spread plates, which were incubated for 10 days at 25°C (37). TDC values
were determined using acridine orange and epifluorescence microscopy
(38). The plating efficiency (expressed as a percentage) was calculated
from the HPC/TDC ratio.

Identification of bacterial isolates. When enhanced biofilm forma-
tion with the organic additive(s) was observed, the bacterial strains that
formed predominant colonies on the R2A plates based on colony mor-
phology were identified by 16S rRNA gene sequencing. Primers 8f (5=-A
GAGTTTGATCMTGGCTCAG-3=) and 1392r (5=-ACGGGCGGTGTGT
ACA-3=) (Biolegio, The Netherlands) were used to amplify the 16S rRNA
genes of the bacterial isolates. PCR mixtures (50 �l) contained 25 �l of
PCR Master Mix (Promega, USA), 10 pmol of each primer, 5 �l of bovine
serum albumin (BSA), and 5 �l of 100-times-diluted template DNA. PCR
amplification was performed in the GeneAmp PCR system 9700 (Applied
Biosystems, USA), according to the following program: 5 min at 95°C; 35
cycles of 45 s at 95°C, 60 s at 57°C, and 2 min at 72°C; and finally 7 min at
72°C. The size of the PCR product was confirmed on a 2% (wt/vol) aga-
rose gel stained with SYBR Gold. For each bacterial isolate, approximately
700 bp of the 16S rRNA gene were sequenced by Macrogen (USA) using
primer 8f. Close relatives of each 16S rRNA gene were obtained from the
GenBank database by nucleotide-nucleotide BLAST homology searches.

DNA isolation. One to 10 ml of a biofilm suspension was filtered
through a 0.22-�m-pore-size, 50-mm-diameter polycarbonate track-
etched membrane (type 23007; Sartorius, Germany). The filter was placed
in a 2-ml tube containing Lysing Matrix E, sodium phosphate buffer, and
the MT buffer of the FastDNA Spin kit for soil (MP Biomedicals, USA)
and was stored at �20°C. DNA was isolated by using the FastDNA Spin kit
for soil according to the manufacturer’s protocol.

T-RFLP analysis. 16S rRNA genes were amplified using 6-carboxy-
fluorescein (FAM)-labeled primer 8f and primer 1392r, with the PCR
amplification conditions described above. For each experiment (A1 to D4
[see Table S1 in the supplemental material]), terminal restriction frag-
ment length polymorphism (T-RFLP) analysis was conducted on the bio-
films sampled on the first day (day 0), on the final day, and on one to three
intermediate days. Fluorescently labeled PCR products (45 �l) were pu-
rified using a DNA Clean & Concentrator-5 kit according to the manu-
facturer’s instructions (Zymo Research, USA). Digestion mixtures (20 �l)
contained 5 U of restriction enzyme HhaI (Promega, The Netherlands), 2
�l of buffer C (Promega), 0.2 �l of BSA, and 5 �l of the purified PCR
product and were incubated for 6 h at 37°C. Subsequently, the digestion
mixtures were purified as described above. Purified digestion products (5
�l) were mixed with 15 �l of the loading buffer Hi-Di formamide and 1 �l
of the internal standard GeneScan 1000 ROX (Applied Biosystems, The
Netherlands). After heating for 3 min at 95°C and subsequent cooling on
ice, the fluorescently labeled terminal restriction fragments (T-RFs) were
size separated on an ABI Prism genetic analyzer, model 310 (Applied
Biosystems), in GeneScan analysis mode (Applied Biosystems). T-RFLP
electropherograms were analyzed with BioNumerics software, version 6.0
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(Applied Maths, Belgium). Cluster analysis using the unweighted-pair
group method with arithmetic means (UPGMA) was based on the densi-
tometric curve-based Pearson correlation coefficient between the T-RF
band patterns of the biofilm samples.

16S rRNA gene cloning and sequencing. Biofilm samples collected on
the final days of experiments A2, A4, B2 phase 2, B3, B4 phase 3, and D1
through D4 (see Table 1; see also Table S1 in the supplemental material)
were selected for 16S rRNA gene cloning and sequencing. The 16S rRNA
genes were amplified using primers 8f and 1392r as described above. PCR
products were cloned into Escherichia coli JM109 using the pGEM-T Easy
vector system (Promega, The Netherlands). Inserts of randomly selected
positive clones were amplified with pGEM T Easy vector-specific primers
T7 and SP6, with the following PCR conditions: 94°C for 5 min; 30 cycles
of 94°C for 20 s, 48°C for 45 s, and 72°C for 45 s; and finally 72°C for 7 min.
About 700 bp of the 16S rRNA gene insert of each clone was sequenced by
Macrogen (USA) using primer 8f. Approximately 96 clones were analyzed
per biofilm sample. A distance matrix was generated in BioEdit (39) and
was imported into DOTUR (40) in order to assign the 16S rRNA gene
sequences obtained to operational taxonomical units (OTUs) on the basis
of �99% similarity and to calculate the Shannon diversity index for each
biofilm sample.

Chemical analyses. For determination of total iron (Fe) concentra-
tions, tap water samples and selected biofilm suspensions were destructed
with nitric acid at 103 to 175°C and were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) using a Thermo Scientific XSeries 2
ICP-MS (Thermo Fisher Scientific Inc., USA). Tap water temperature was
monitored with a calibrated digital thermometer (Testo B.V., The Neth-
erlands).

Nucleotide sequence accession numbers. The 16S rRNA gene se-
quences obtained in this study have been deposited in GenBank under
accession numbers JQ791554 through JQ792006.

RESULTS
Biofilm formation with amylopectin in the absence or presence
of maltose or acetate. During the period of continuous supply of
tap water without added organic compounds, biofilms were
formed at a BFR ranging from 4.0 to 5.5 (� 0.3) pg ATP cm�2

day�1, and a maximum biofilm concentration (BFCmax) of ap-
proximately 240 to 490 pg ATP cm�2 was reached after 2 to 3
months (Table 1; see Fig. 1 to 3). When maltose was added to tap
water at 10 �g C liter�1, biofilm growth was promoted within 4
days at an exponential rate (�) of 1.0 � 0.1 day�1 until day 8 (Fig.
1). Subsequently, the BFC increased linearly at a BFR of 267 � 26
pg ATP cm�2 day�1 and reached a BFCmax of approximately 3,000
pg ATP cm�2 after 12 to 14 days (Fig. 1; Table 1). In contrast,
amylopectin at 10 �g C liter�1 did not enhance biofilm formation
over that with the blank for 39 days in the same experiment (Fig.
1). The addition of amylopectin at 10 �g C liter�1 for more than
50 days in another experiment eventually resulted in a BFR that
was about four times higher than that of the blank (Fig. 2; Table 1).

During simultaneous addition of maltose and amylopectin,
each at 10 �g C liter�1, the BFC increased exponentially at a rate of
0.81 � 0.07 day�1 from day 4 until day 8 and then linearly at a BFR
of 358 � 56 pg ATP cm�2 day�1 until day 12. Hence, biofilm
formation with maltose plus amylopectin was synchronic with
biofilm formation with maltose alone during the first 12 days (Fig.
1; Table 1). Unlike biofilm formation with maltose alone, how-
ever, biofilm formation with maltose and amylopectin continued
after day 12 at a BFR of 1,034 � 70 pg ATP cm�2 day�1, and a
BFCmax of about 13,000 pg cm�2 was attained (Fig. 1). Apparently,
biofilm formation was promoted initially by maltose and subse-
quently by amylopectin in the presence of maltose. Similar find-
ings were obtained during simultaneous addition of maltose and

amylopectin, each at 10 �g C liter�1, to a biofilm monitor that had
first been supplied only with amylopectin at 10 �g C liter�1 for 39
days (Fig. 1; Table 1). Thus, amylopectin strongly promoted bio-
film formation in the presence of maltose at 10 �g C liter�1. Si-
multaneous addition of acetate at 3.0, 4.5, or 10 �g C liter�1 and
amylopectin at 10 �g C liter�1, however, resulted in BFR and
BFCmax values similar to those obtained with the addition of ace-
tate alone (Fig. 2; Table 1). Hence, the biofilms formed with ace-
tate at �10 �g C liter�1 did not utilize amylopectin.

Biofilm formation with laminarin, caseinate, or gelatin.
Laminarin, gelatin, and caseinate promoted biofilm formation in-
dividually at 10 �g C liter�1 in the biofilm monitor. During 82
days of laminarin addition, multiple phases in biofilm formation
could be distinguished (Fig. 3A). The BFC increased exponentially
at a rate of 0.34 � 0.01 day�1 (days 5 to 15) and then linearly at a
BFR of 81 � 10 pg ATP cm�2 day�1 (days 16 to 34). The first
steady-state growth phase (days 37 to 51) was followed by a second
linear increase in BFC at a BFR of 83 � 13 pg ATP cm�2 (days 56
to 68). Finally, a BFCmax of almost 3,000 pg ATP cm�2 was reached
in the second steady-state phase (days 70 to 82) (Table 1).

The concentration of the biofilm formed with gelatin at 10 �g
C liter�1 also increased discontinuously, i.e., before day 21 at an
exponential growth rate of 0.30 � 0.07 day�1 and from day 21 to
day 35, day 49 to day 61, and day 73 to day 84 at BFRs of 59 � 4,
70 � 10, and 64 � 9 pg ATP cm�2, respectively (Fig. 3B; Table 1).
A BFCmax of 3,700 pg ATP cm�2 was attained after �84 days of
gelatin addition. During the first week of caseinate addition at 10
�g C liter�1, exponential biofilm growth was promoted at an es-
timated rate of 0.85 � 0.26 day�1, but insufficient data were avail-
able to accurately determine the growth rate (Fig. 3B). Subse-
quently, fluctuating but overall increasing BFCs at a BFR of 61 �
4 pg ATP cm�2 day�1 were observed. After approximately 68 days
of caseinate addition, a BFCmax of about 4,600 pg ATP cm�2 was
reached.

ATP level cell�1 and plating efficiency. The average ATP level
cell�1 of the bacteria in the biofilms formed with either tap water
(blank) or added amylopectin ranged from 0.06 � 0.01 (experi-
ment A1) to 0.12 � 0.02 fg cell�1 (experiments B3 and C1), and
only �1% of these bacteria could be cultivated (Table 1). The
linear increase in the BFC upon addition of maltose alone or malt-
ose and amylopectin was accompanied by an elevated average
ATP level cell�1 of around 0.20 � 0.02 fg cell�1 and a plating
efficiency of �20 to 86% (Table 1). During linear biofilm growth
with acetate alone or acetate and amylopectin, average ATP levels
cell�1 also increased to �0.20 fg cell�1, and 16 to 54% of the
biofilm bacteria were cultivated (Table 1). The bacteria that uti-
lized laminarin, caseinate, or gelatin in the linear biofilm growth
phases had average ATP levels of 0.26 � 0.05, 0.21 � 0.01, and
0.21 � 0.02 fg cell�1, respectively. The plating efficiency observed
in the first month of laminarin (93%) or caseinate (20 to 37%)
addition decreased to �10% in the subsequent 2 months, whereas
the plating efficiency in the first month of gelatin addition was
�20 to 63% and decreased to 13% afterwards (Table 1). These
results indicate a relation between plating efficiency and ATP level
cell�1 in the linear biofilm growth phase, i.e., plating efficiency
was �1% at �0.12 � 0.02 fg ATP cell�1 in the absence of growth-
promoting organic additives but ranged from �5 to 93% at �0.20
fg ATP cell�1 in the presence of growth-promoting organic addi-
tives.

T-RFLP profiles of attached bacterial communities. The bio-
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films formed with tap water (blank) were �80% similar both to
each other and to the biofilms formed with added amylopectin
alone based on their T-RFLP profiles (Fig. 4). The high similarity
between the bacterial communities of these biofilms is consistent
with the observation that amylopectin did not enhance biofilm
formation over that with the blank. In contrast, addition of the
other tested compounds yielded biofilms with bacterial commu-
nity compositions clearly different from those of the biofilms
formed with tap water alone (Fig. 4). The bacterial communities
in the biofilms formed with maltose (maltose-BF) or with maltose
and amylopectin (maltose-amylopectin-BF) shared 74% similar-
ity on day 16 (data not shown) and 87% similarity on day 24 (Fig.
4). Furthermore, these carbohydrate-specific biofilms clustered
closer to the biofilms formed with laminarin (laminarin-BF) than
to the biofilms formed with protein or acetate (Fig. 4). The bio-
films formed after 32 to 82 days of caseinate addition (caseinate-
BF) grouped together with the biofilms formed after 44 to 88 days
of gelatin addition (gelatin-BF) in a protein-specific T-RFLP clus-

ter (Fig. 4 [not all data shown]). The bacterial communities in the
biofilms formed with acetate (acetate-BF) and with acetate and
amylopectin (acetate-amylopectin-BF) were highly similar to
each other (87 to 95% similarity) but largely dissimilar to the
bacterial communities in the biofilms formed with other organic
additives or with the blank (Fig. 4).

Identity and diversity of the predominating attached bacte-
ria. A total of 327 OTUs, including 263 biofilm type-specific
OTUs, were obtained, revealing high bacterial diversities within
and between the nine biofilm types (Table 2). The number of
OTUs ranged from �30 for the maltose-BF (29 OTUs) and malt-
ose-amylopectin-BF (25 OTUs) to �60 for the blank-BF (64
OTUs) and amylopectin-BF (62 OTUs); Shannon diversity indi-
ces ranged from 2.3 to 4.0 (Table 2). OTUs related to aquatic
members of the family Nitrospiraceae (class Nitrospira) and the
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family Hyphomicrobiaceae (class Alphaproteobacteria) were found
in nearly all nine biofilm types (see Table S3 in supplemental ma-
terial). Ten of the 11 Nitrospiraceae OTUs had �97% similarity to
Nitrospira spp., and five were shared among multiple biofilms (see
Table S3). Together, the two largest shared Nitrospira OTUs in-
cluded 1 to 12% of the clones from seven biofilm types. Most of
the 21 Hyphomicrobiaceae OTUs were affiliated to Hyphomicro-
bium or Pedomicrobium spp., were biofilm type specific, and were
singletons (see Table S3 [not all data shown]).

Many of the clones from the acetate-BF and acetate-amyl-
opectin-BF were affiliated to members of the family Coma-
monadaceae (33% and 39%, respectively; [data not shown]),
e.g., Hydrogenophaga, Rhodoferax and Curvibacter spp. (see Table
S3 in the supplemental material). In addition, a significant pro-
portion of the clones (15% and 8%, respectively) were represented
by an OTU with 99% similarity to Thiothrix fructosivorans (see
Table S3).

The predominant OTU from the maltose-BF included 19% of
the clones and showed 95% similarity to a Cellvibrio sp. (class
Gammaproteobacteria), whereas an OTU with 96% similarity to
another Cellvibrio sp. represented another 8% of the clones (see
Table S3 in the supplemental material). These two Cellvibrio
OTUs together also represented nearly 50% of the clones from the
maltose-amylopectin-BF (see Table S3). Furthermore, bacterial
strains with the same identity as these OTUs were isolated from
both the maltose-BF and the maltose-amylopectin-BF (see Table
S4 in the supplemental material). Apparently, bacteria affiliated to
Cellvibrio spp. played an important role in the utilization of malt-
ose and of amylopectin in the presence of maltose. In addition,
two OTUs with 98 to 99% similarity to Flavobacterium spp. (class
Flavobacteriia) contained 12% of the maltose-amylopectin-BF
clones versus 3% of the maltose-BF clones (see Table S3), indicat-
ing that these bacteria probably also utilized amylopectin during
simultaneous maltose and amylopectin addition. Members of the
class Sphingobacteriia in the maltose-BF (19% of the clones) be-
longed primarily to two OTUs with either 97% or 98% similarity
to Haliscomenobacter hydrossis, which were shared with the lami-

narin-BF (see Table S3). Of the nine biofilm types, the maltose-BF
contained the highest percentage of Cytophagia representatives
(14% of the clones), which were affiliated mainly to Emticicia spp.
and were distributed over two unique OTUs and one OTU shared
with the maltose-amylopectin-BF (Table 2; see also Table S3 in the
supplemental material).

The clone library of the laminarin-BF contained the highest
percentage of Sphingobacteriia members (29% of the clones), all of
which belonged to the family Saprospiraceae (Table 2; see also
Table S3 in the supplemental material). Besides the two afore-
mentioned Haliscomenobacter hydrossis OTUs shared by the lam-
inarin-BF (19% of the clones) and the maltose-BF (16% of the
clones), three unique OTUs and another shared OTU were ob-
tained (see Table S3). This third shared Saprospiraceae OTU com-
prised clones from biofilms formed with either laminarin (7%),
caseinate (6%), gelatin (2%), maltose (1%), or amylopectin (1%)
(see Table S3).

Alphaproteobacteria were relatively abundant in the clone li-
braries of the caseinate-BF and gelatin-BF (Table 2), but compar-
ison with the clone libraries generated for the seven other biofilms
in this study suggests that only some Sphingomonas or Sphingopy-
xis spp. and Parvularcula-related bacteria were specifically in-
volved in caseinate and gelatin utilization (see Table S3 in the
supplemental material). The family Xanthomonadaceae (class
Gammaproteobacteria) occurred exclusively in the clone libraries
of the caseinate-BF (13% of clones) and gelatin-BF (5% of clones)
and was represented mainly by Lysobacter spp. (see Table S3 [sin-
gleton OTUs not shown]). The caseinate-BF also yielded four
unique Flavobacterium OTUs (5% of clones) and one Flavobacte-
rium OTU shared with the gelatin-BF, from which another Flavo-
bacteriia-related OTU with 98% similarity to a Fluviicola sp. was
derived (5% of clones) (see Table S3). Unique OTUs related to
Cytophagia or Sphingobacteriia were distinguished in both the ca-
seinate-BF (Pontibacter, Cytophaga, Chitinophaga, and Haliscom-
enobacter spp.) and the gelatin-BF (Haliscomenobacter spp.) (Ta-
ble 2; see also Table S3 in the supplemental material).

Overall, the results of our study demonstrate that specific at-
tached bacteria were involved in utilizing the added carbohydrates
(e.g., members of the families Pseudomonadaceae, Saprospiraceae,
Flavobacteriaceae, and Cytophagaceae) or proteins (e.g., members
of the families Xanthomonadaceae, Saprospiraceae, Flavobacteri-
aceae, Sphingomonadaceae, Cytophagaceae, Cryomorphaceae, and
Chitinophagaceae) (see Table S3 in the supplemental material).

DISCUSSION
Kinetics of attached growth under turbulent flow conditions.
The total bacterial counts in our biofilm samples are comparable
to previously reported numbers of attached bacteria in drinking-
water-related biofilms and thus confirm the suitability of the bio-
film monitor as a model drinking water distribution system (41–
43) (Table 1 [not all counts shown]). The data presented therefore
prove that attached heterotrophic bacteria can utilize biopolymers
at �g C liter�1 levels in flowing drinking water. Biofilm formation
with individual biopolymers is, however, relatively slow compared
with biofilm formation with LMW compounds, and specific
LMW compounds may have to be present to accelerate biopoly-
mer utilization, e.g., maltose for amylopectin utilization (Fig. 1).
Additionally, the rates of exponential biofilm growth observed
with acetate, maltose, laminarin, caseinate, or gelatin at 10 �g C
liter�1 were approximately 2 to 10 times lower than the growth

Similarity (%)
50 60 70 80 90 10040

laminarin-BF t82
laminarin-BF t44
maltose-BF t24
maltose-amylopectin-BF t24
caseinate-BF t82
caseinate-BF t44
gelatin-BF t44
gelatin-BF t88
amylopectin-BF t86
amylopectin-BF t46
blank-BF t82
blank-BF t44
blank-BF t0
acetate-BF t31
acetate t31 + acetate & amylopectin t26 BF = t57
acetate-BF t57
acetate-BF t86
acetate t31 + acetate & amylopectin t55 BF = t86
acetate t31 + acetate & amylopectin t0 BF = t31

FIG 4 UPGMA cluster analysis based on the Pearson correlation coefficient
measuring the degree of similarity between the T-RFLP patterns of biofilms
formed with tap water (blank; from experiment D1) and those of biofilms
formed with an organic compound(s) added to tap water at �g C liter�1 levels
over 1 to 3 months (time [t] is given in days).
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rates of bacterial strains with these compounds at 10 �g C liter�1

in batch tests (23, 24, 44, 45). These findings are consistent with
previously observed differences in growth kinetics between bio-
fouling and planktonic growth with acetate at �g C liter�1 levels
(46). The average ATP levels cell�1 of the attached bacteria in the
blank-BF (0.10 � 0.03 fg cell�1) and the biofilms formed at 10 �g
added C liter�1 (�0.20 fg cell�1) (Table 1) exceeded the average
ATP levels cell�1 reported previously for suspended bacteria in
drinking water with no additions (0.017 � 0.014 and 0.018 �
0.095 fg cell�1) and with added carbohydrate or protein at 10 �g C
liter�1 (0.061 � 0.01 fg cell�1) (23, 36). Attached bacteria thus
appear to be larger than suspended bacteria. In contrast to the
relatively low growth rates observed in our study, the larger cell
size suggests more-favorable growth conditions (47). Attachment
may favor a larger cell size, and/or the growth rates observed may
have been lower than the actual growth rates because of either (i)
cell detachment under turbulent flow conditions or (ii) protozoan
grazing on attached bacteria (48, 49). Furthermore, the lower
growth rates with the added biopolymers than with acetate or
maltose could indicate that adsorption of the biopolymers to the
bacterial or biofilm surface and their subsequent extracellular hy-
drolysis before bacterial uptake were essential for biofilm growth
with these high-molecular-weight (HMW) compounds and thus
were potentially rate-determining (3, 18, 32, 50, 51).

Characteristics of biofilm formation with polysaccharides.
The 104-kDa to 5 � 105-kDa, heavily branched amylopectin mol-
ecule is a more complex homoglucan to degrade than the 5- to
6-kDa, mainly linear laminarin molecule (52, 53). These struc-
tural differences could explain why amylopectin promoted bio-
film formation only in the presence of maltose, whereas laminarin
promoted biofilm formation when added individually. Certain
Gram-negative bacteria, such as Cellvibrio and Flavobacterium
spp., can degrade polysaccharides, including starch, using free or
cell-attached extracellular enzymes that contain noncatalytic car-
bohydrate-binding modules (CBM) (40, 54, 55). Extracellular en-
zymatic activities in aquatic biofilms are often cell associated, pre-
sumably to allow more-efficient substrate utilization (56, 57). It
seems plausible, particularly considering the ultraoligotrophic
and continuous turbulent flow conditions in our study, that the
predominating Cellvibrio-like bacteria in the maltose-amylopec-
tin-BFs employed mainly cell-attached, CBM-containing en-
zymes to bind amylopectin in a cell-specific manner and to hydro-
lyze it. The maltose-utilizing Cellvibrio-like bacteria, however, did
not utilize amylopectin until the maltose-limited growth ap-
proached the steady-state growth phase at a �min of 0.15 day�1

(i.e., BFR/BFC on day 11) (Fig. 1; Table 1). Hence, a minimum
specific growth rate seems to be critical for inducing the synthesis
of the extracellular amylopectin-binding and -degrading en-
zymes. This phenomenon resembles carbon catabolite repression,
where the utilization of readily assimilable maltose (the preferred
substrate) prevented the binding and utilization of amylopectin
(the secondary substrate) until a minimum � was attained with
maltose, although maltose was probably still utilized during am-
ylopectin utilization, because it is a typical amylopectin hydrolysis
product (58–60). The finding that amylopectin was not utilized
when the specific growth rates with simultaneously added acetate
were at their minimum (0.02 to 0.06 day�1 [Table 1]) implies that
a maltodextrin (e.g., maltose) or a certain level of maltodextrin-
utilizing bacteria was required for CBM-containing enzyme in-
duction. Furthermore, nonspecific adsorption of amylopectin to

the acetate-amylopectin-BF or the amylopectin-BF either did not
occur or did not induce enzyme synthesis. Hence, the accelerated
biofilm growth rate with amylopectin in the presence of maltose
may be attributed to highly efficient amylopectin binding to, and
hydrolysis by, inductive CBM-containing enzymes.

The discontinuity in biofilm formation with laminarin and the
large difference in plating efficiency between the two linear growth
phases (viz., �90% and �10%) correspond to a significant shift in
the bacterial community. In the first linear growth phase, bacterial
strains BF-BP5 and BF-BP6, with �98% similarity to Flavobacte-
rium spp., were repeatedly isolated and accounted for about 70%
of the HPC based on colony morphology (see Table S4 in the
supplemental material [HPC data not shown]). No clone library
was generated in this phase, but the fact that Flavobacterium spp.
represented �60% of the TDC demonstrates their dominance in
laminarin utilization and is in line with the previously observed
proficiency of Flavobacterium spp. in laminarin utilization at �g C
liter�1 levels in batch tests (23, 61). In the second linear growth
phase with laminarin, however, both the HPC and the Flavobac-
terium colony count decreased by a factor of 4, whereas the TDC
increased by the same factor (data not shown). Moreover, accord-
ing to the clone library of the 82-day-old laminarin-BF, Flavobac-
terium spp. were scarce (1% of clones) in the second linear growth
phase, whereas Haliscomenobacter hydrossis and some other Sap-
rospiraceae representatives prevailed (29% of clones). The HPC
method used in this study clearly did not meet the specific culti-
vation conditions of the Haliscomenobacter strains (62, 63). The
H. hydrossis genome encodes genes for degrading polysaccharides,
but hitherto only starch utilization has been demonstrated exper-
imentally at gram-per-liter levels (62, 64). Our study seems to be
the first to report the growth of Haliscomenobacter spp. at micro-
gram-per-liter levels and their involvement in laminarin utiliza-
tion under turbulent flow conditions.

As the biofilm concentration increased at a constant BFR in the
first linear growth phase with laminarin, the specific growth rate
(�, calculated as BFR/BFC) decreased, until eventually a value of
0.058 � 0.005 day�1 was reached in the first steady-state growth
phase (Table 1). Subsequently, the specific growth rate decreased
further, to 0.030 � 0.001 day�1, in the second linear growth phase.
The succession of bacterial populations in the biofilms formed
with laminarin appears to coincide with the decrease in the spe-
cific growth rate during biofilm formation, i.e., Haliscomenobacter
spp. began to predominate at a specific growth rate that was min-
imum for steady-state growth of the Flavobacterium spp. that pre-
vailed in the first linear growth phase. In terms of growth kinetics,
the attached Haliscomenobacter spp. most likely had higher affin-
ities for laminarin as a substrate than the Flavobacterium spp. and
were therefore able to grow more efficiently with laminarin at
lower growth rates. In addition, if Haliscomenobacter spp. were
already present in the first linear growth phase with laminarin,
their maximum growth rates must have been lower than those of
the predominating Flavobacterium spp., which would be consis-
tent with previous reports on the relatively slow growth of H.
hydrossis (65, 66). Assessment of the growth kinetic parameters of
attached, oligotrophic Flavobacterium and Haliscomenobacter spp.
for laminarin was beyond the scope of our current study.

Characteristics of biofilm formation with proteins. Intracel-
lular proteolysis occurs continuously in all bacteria, and various
broad-spectrum extracellular proteases capable of protein hydro-
lysis are generally produced constitutively by many bacteria (2,
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67–69). Hence, extracellular protein degradation and incorpora-
tion of the degradation products into biomass seem relatively
common among bacteria (69, 70), which could explain why (i) the
40- to 50-kDa gelatin molecules, as well as the 19- to 25-kDa casein
molecules, promoted biofilm formation in the absence of a simul-
taneously added LMW substrate; (ii) a higher diversity of attached
bacteria was involved in protein utilization (9 bacterial classes, 14
genera) than in polysaccharide utilization (4 bacterial classes, 4
genera) (see Tables S3 and S4 in the supplemental material); and
(iii) most of the bacterial genera detected in the gelatin-BF or the
caseinate-BF have been shown previously to include protein-de-
grading aquatic isolates (23, 62, 71–77).

Like extracellular polysaccharides, extracellular proteins in bio-
films are primarily bound to and hydrolyzed by cell-attached en-
zymes (2, 56, 78). However, protein is degraded by a mixture of cell-
attached proteases, and degradation products (i.e., peptides) may be
repeatedly released and reattached for further hydrolysis until small
enough (�700 Da) to enter the cell (12, 78, 79). Whether the same
process occurred under the ultraoligotrophic conditions in our study
is unknown, but the possibility that released intermediate peptides
supported the growth of attached bacteria incapable of protein deg-
radation or were further degraded to growth-promoting compounds
of �700 Da by free extracellular enzymes retained in the biofilm
matrix cannot be excluded (30).

The T-RFLP profile dissimilarities of 37 and 22% between the
gelatin-BF of 88 days and the gelatin-BFs of 44 and 61 days, re-
spectively, suggest that the discontinuity in biofilm formation
with gelatin resulted from changes in the biofilm community
composition as well. Also in this case, a relation seems to exist
between the successional changes in the biofilm community and
the decreasing specific growth rate, which was approximately
0.057, 0.036, and 0.017 day�1 in the first, second, and third steady-
state growth phases, respectively (Table 1). By the end of the first
or second steady-state growth phase, the bacterial population(s)
that had predominated in the preceding linear growth phase was
outgrown by other bacterial populations that could grow at lower
specific growth rates and predominated in the subsequent linear
growth phase (Table 1). Some of these changes were deduced from
the predominant bacterial isolates and the plating efficiencies ob-
tained during biofilm formation with gelatin (60 to 20%). Isolate
BF-BP2, with 99% similarity to Flavobacterium sp. clone L-1, ac-
counted for about 25% of the TDC during the first fortnight of
biofilm formation, but in the following 3 weeks, isolates BF-BP7,
BF-BP8, and BF-BP9, with 99% similarity to Brevundimonas,
Caulobacter, and Undibacterium spp., respectively, became more
dominant, and each represented 10 to 15% of the TDC (see Table
S4 in the supplemental material [counts not shown]). In the last 6
weeks, the main isolates BF-BP12 and BF-BP14, with �98% sim-
ilarity to Lysobacter spp., together constituted about 4% of the
TDC, demonstrating that only a fraction of the predominant bac-
teria was isolated in this period. The clone library of the 88-day-
old gelatin-BF confirmed the low levels (�3% of clones) of the five
genera mentioned above in the final stage of biofilm formation.
The T-RFLP profile dissimilarity of 30% between the caseinate-
BFs of 32 and 82 days also indicates differences in biofilm com-
munity composition, which were partly revealed by shifts in the
prevalences of bacterial strains isolated during caseinate addition.
Strains BF-BP3, BF-BP4, BF-BP7, BF-BP13, and BF-BP14, with
�98% similarity to Flavobacterium, Brevundimonas, Xanthomo-
nas, or Lysobacter spp., each represented 4 to 8% of the TDC in the

first 6 weeks and 0 to 2% in the last 6 weeks, during which strain
BF-BP2, with 99% similarity to Flavobacterium spp., was also ob-
served at approximately 2% of the TDC (see Table S4). Similarly,
0 to 2% of the clones in the clone library of the 82-day-old casein-
ate-BF were identical to these six strains (see Table S3). Genera-
tion of multiple clone libraries would have elucidated the succes-
sion of bacterial populations in the biofilms formed with gelatin
and caseinate but was outside the scope of this study.

Biopolymer utilization by biofilms in drinking water distri-
bution systems. Drinking water in distribution systems and oligo-
trophic freshwater in natural environments contain complex mix-
tures of organic substrates for heterotrophic bacteria (61, 80, 81).
LMW compounds are generally more readily utilized than HMW
compounds, and aquatic bacterial communities adapted to LMW
substrate utilization usually differ significantly from those adapted to
HMW substrate utilization (13, 82). Indeed, the BFR at 10 �g C
liter�1 in our study was 3 to 12 times higher with acetate or maltose
added individually than with laminarin, gelatin, or caseinate added
individually; amylopectin added individually was not utilized at all
(Table 1). Furthermore, the biofilms grown with acetate, carbohy-
drate, or protein clearly differed in bacterial community composition
(Fig. 2 and 4). The limited number of bacterial genera involved in
utilizing maltose, amylopectin, and laminarin (e.g., a Cellvibrio-like
genus, Haliscomenobacter, Flavobacterium) and the amylopectin
utilization prerequisites (e.g., enzyme synthesis induction, mini-
mum growth rate with inducing substrate, binding to enzymes)
indicate that bacterial utilization of complex homopolysaccha-
rides requires specialization and may not commonly occur in
drinking water distribution systems. This hypothesis is supported
by the fact that, to our knowledge, Cellvibrio-like bacteria and
Haliscomenobacter spp. isolated from drinking water distribution
systems have not been deposited in GenBank previously. Instead
of homopolysaccharides, complex heteropolysaccharides in-
cluded in extracellular polymeric substances (EPS) originating
from freshwater phytoplankton and from biofilms in water treat-
ment processes may be present in distributed drinking water (1,
83, 84). In the absence of enzyme-inducing oligosaccharides, uti-
lization of polysaccharide EPS by relatively young (i.e., �1 year)
biofilms in drinking water distribution systems may be severely
limited. Studies on polysaccharide degradation under oligotro-
phic conditions in marine environments revealed rapid degrada-
tion of various homo- and heteropolysaccharides by bacterial
communities at milligram-per-liter levels in (e.g., anoxic) sedi-
ments and aggregates, in contrast to slower or no degradation in
seawater (33, 85–87). It is not clear to what extent and under what
conditions sedimentary bacterial communities and mature bio-
films in drinking water distribution systems could also be capable
of utilizing complex polysaccharides. Nevertheless, the protein-
adapted biofilm communities in our study were more diverse than
the polysaccharide-adapted biofilm communities and had a rela-
tively high content of heterotrophic bacteria typically found in
drinking water, suggesting that proteins in distributed drinking
water are more commonly utilized than polysaccharides and are
therefore more likely to promote biofilm formation in drinking
water distribution systems.

Taking all these data together, our study demonstrates that not
only LMW compounds but also biopolymers can promote biofilm
formation in drinking water distribution systems. Depending on
their concentrations, biopolymers might therefore negatively im-
pact the biological stability of distributed drinking water. The
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original AOC test, which is used to determine biological stability
by quantifying assimilable organic carbon (i.e., LMW com-
pounds) in drinking water, has recently been extended with Fla-
vobacterium johnsoniae strain A3, which specializes in the utiliza-
tion of carbohydrates and proteins at microgram-per-liter levels
(23, 45, 61, 88). Additional research will focus on applying this
extended AOC test to quantify changes in biopolymer concentra-
tions during drinking-water production and distribution and to
assess the effects of these changes on the biological stability of
distributed drinking water.
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