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The development of freshwater multispecies biofilms at solid-liquid interfaces occurs both in quiescent
waters and under conditions of high shear rates. However, the influence of hydrodynamic shear rates on
bacterial biofilm diversity is poorly understood. We hypothesized that different shear rates would significantly
influence biofilm diversity and alter the relative proportions of coaggregating and autoaggregating community
isolates. In order to study this hypothesis, freshwater biofilms were developed at five shear rates (<0.1 to 305
S™Y in a rotating concentric cylinder reactor fed with untreated potable water. Eubacterial diversity was
assessed by denaturing gradient gel electrophoresis (DGGE) and culturing on R2A agar. Fifty morphologically
distinct biofilm strains and 16 planktonic strains were isolated by culturing and identified by partial 16S rRNA
gene sequencing, and their relatedness was determined by the construction of a neighbor-joining phylogenetic
tree. Phylogenetic and DGGE analyses showed an inverse relationship between shear rate and bacterial
diversity. An in vitro aggregation assay was used to assess the relative proportions of coaggregating and
autoaggregating species from each biofilm. The highest proportion of autoaggregating bacteria was present at
high shear rates (198 to 305 S™"). The intermediate shear rate (122 S™') selected for the highest proportion
of coaggregating bacteria (47%, or 17 of a possible 36 coaggregation interactions). Under static conditions
(<0.1 S71), 41 (33%) of a possible 125 coaggregation interactions were positive. Few coaggregation (3.3%) or
autoaggregation (25%) interactions occurred between the 16 planktonic strains. In conclusion, these data show

that shear rates affect biofilm diversity as well as the relative proportions of aggregating bacteria.

Microorganisms colonize a wide range of environments as spa-
tially organized, taxonomically diverse, multispecies biofilm
communities (1, 20, 44). In potable water distribution systems,
many bacterial species, including members of the Proteobacte-
ria, Actinobacteria, low-G+C-content gram-positive bacteria,
and Cytophaga-Flavobacterium-Bacterioides group, readily ad-
here to surfaces to form multispecies biofilms (29, 41). The
abilities of these taxonomically diverse organisms to attach to
surfaces and codevelop within multispecies biofilms are imper-
ative for their survival and persistence within flowing environ-
ments (4, 33, 44).

Few published articles have described the effect of shear on
the bacterial composition and diversity of freshwater biofilms.
Evidence is emerging, however, that at high fluid velocities
with associated high shear rates, multispecies communities are
less diverse than those developed at lower shear rates (9, 23,
35, 42). In order to adhere to surfaces or surface-attached cells
and subsequently to form biofilms, bacteria in high-velocity
flowing systems must overcome shear stress at the fluid-surface
interface (7, 11). Attachment is facilitated by the expression of
cell surface polymers that alter cell surface properties (3, 15).
Properties that enhance attachment include increases in
whole-cell hydrophobicity (14) and the abilities to coaggregate
(25, 36) and autoaggregate (17). Recently, it was shown, using
a simple recirculating tank model (35), that freshwater biofilms
formed at high shear rates contained a high proportion of
bacterial species that were not detectable in the surrounding
fluid phase. In addition, a larger proportion of biofilm strains
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than of their planktonic counterparts were able to coaggregate
and/or autoaggregate.

It is clear that hydrodynamic shear forces have the potential
to profoundly affect microbial diversity, a property that is im-
portant with regard to the potential of opportunistic pathogens
to integrate into freshwater biofilms. Opportunistic pathogens
that have been isolated from biofilms in potable water systems
include Mycobacterium avium, Pseudomonas aeruginosa, Kleb-
siella spp., Legionella spp., and Flavobacterium spp. (29, 39, 50).
Payment et al. (31) suggested that approximately 35% of gas-
trointestinal infections could be associated with the consump-
tion of apparently potable water. Other problems associated
with multispecies biofilms formed within potable water systems
include microbially induced corrosion and unpleasant taste and
odor (18). Shear forces vary throughout a potable water system
(12). Thick biofilms are often observed at water-solid interfaces in
stagnant regions, while much thinner biofilms are found on
surfaces exposed to high shear forces (18). It is important to
understand the impact of these different hydrodynamic condi-
tions on biofilm diversity and colonization resistance, espe-
cially with regard to the integration of pathogens into biofilms.

The aim of the work presented here was to describe the
effects of different hydrodynamic shear forces on the formation
and diversity of freshwater biofilm communities. A concentric
cylinder reactor (CCR) (52) was used to control flow velocity
and thereby shear, and community diversity was monitored by
culturing and other methods. The surface properties of the
bacteria from each community were also assessed by measur-
ing whole-cell hydrophobicity and coaggregation and autoag-
gregation abilities.

MATERIALS AND METHODS

CCR. The CCR (52) (Fig. 1) consists of four stainless steel cylindrical pipe
sections that are contained and rotated within concentric reaction chambers. The
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FIG. 1. Diagrammatic representation of the CCR (52).
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chambers have a defined constant volume and can be fed medium or water at
controlled flow rates. In this instance, potable water was delivered directly to the
reactor from an intermediate supply reservoir. Wiers within the chamber walls
maintained a constant volume in each chamber. Rates of water flow through the
chambers gave D values of >3 h™!, which were higher than the maximum
D values in all instances. Planktonic cells therefore would be washed from the
system before division. Fluid flow over the test surfaces was a function of the
rotational velocity (43 rpm) of the pipe sections and the diameter of each
rotating unit (101, 76, 50, and 26 mm). Fluid velocity profiles between the stator
and the rotator walls were calculated on the basis of computational fluid dynam-
ics (2). From these fluid velocity profiles, shear rates were calculated 50 wm from
each of the surfaces. Fluid velocities of 0.26, 0.19, 0.16, and 0.12 m/s corre-
sponded to 101-, 77-, 50-, and 26-mm cylinders, and these corresponded to shear
rates of 305, 198, 122, and 65 S™ !, respectively. These shear rates are similar to
those found in channels within biofilms (2). The temperature of the water that
was fed into the unit was monitored over 3 months (mean and standard devia-
tion, 7.0 = 2.0°C), as was the pH (6.9 = 0.2).

The volume of water in the intermediate supply reservoir was maintained at
2 liters by a constant-head device. Stainless steel disks were placed into this
reservoir so that biofilms could be formed under conditions of minimal shear.
The system was operated continuously for 12 weeks. At the end of the 12 weeks,
biofilm samples were harvested by using sterile swabs; the samples included
triplicate vertical swab samples obtained through the water line from the outer
surfaces of the four rotators and triplicate samples obtained from stainless steel
coupon surfaces on cylinders held within the intermediate supply reservoir.

Strains and growth conditions. Biofilm samples were collected as swab sam-
ples from approximately 2 cm? of the biofilm on each of the concentric cylinder
surfaces in a vertical line from the bottom edge through the water line, and each
sample was resuspended in 1 ml of autoclaved tap water. Planktonic samples
were collected as 50 ml of water from the tap, reservoir, and CCR outlet. These
samples were filtered through a Swinnex filter (Millipore, Stonehouse, Glouces-
tershire, United Kingdom) with a membrane pore size of 0.2 wm, and the cells
on the membrane were resuspended in 1 ml of autoclaved tap water. Biofilm and
planktonic samples were cultured on R2A agar (34) at 30°C for 5 days. All

distinct colony morphotypes were separated and subcultured on R2A agar.
Strains were stored at —70°C in 50% (vol/vol) glycerol for subsequent analyses.

Characterization of bacterial strains. Strains isolated after growth on solid
R2A or in liquid R2A medium at 30°C were subjected to Gram staining and
catalase and oxidase reactions. Cell morphologies were observed by using a light
microscope (Axioskop 2-MOT; Carl Zeiss, Esslingen, Germany).

Identification of isolated bacterial strains by partial 16S rRNA gene sequenc-
ing. Strains were identified by partial 16S rRNA gene sequencing by a modifi-
cation of the method of Rickard et al. (38). Prior to sequencing, partial 16S
rRNA gene amplification was performed by taking one bacterial colony of each
strain from R2A agar, boiling it in 100 ul of sterile double-processed tissue
culture water (Sigma, Poole, Dorset, United Kingdom) for 10 min, and using 10
wl of the suspension as template DNA for PCR. Degenerate primers 806R (53)
and 8FPL (51) were used to amplify a fragment of the 16S rRNA gene from each
strain. The fragment corresponds to nucleotides 8 to 806 in the Escherichia coli
gene sequence.

PCR was carried out with PCR buffer (Boehringer Mannheim, Indianapolis,
Ind.) containing 3.2 pM each primer, 0.5 mM deoxynucleoside triphosphates,
and 2 U of Taqg DNA polymerase (Sigma) per 100 pl. PCR cycles consisted of 35
cycles at 94°C (1 min), 53°C (1 min), and 72°C (1 min) and a final 15-min chain
elongation step at 72°C. Amplified products were purified by using a QIA-quick
PCR purification system (Qiagen, Crawley, West Sussex, United Kingdom) ac-
cording to the manufacturer’s instructions. PCR products were subsequently
sequenced with primers 806R and 8FPL. Sequencing reaction mixtures consisted
of 50 to 100 ng of PCR product, 10 ng of primer, and 4 ul of Big Dye (Perkin-
Elmer, Boston, Mass.) in a total volume of 20 pl. The samples were incubated at
94°C (4 min), followed by 25 cycles of 96°C (30 s), 50°C (15 s), and 60°C (4 min).
Sequencing was performed with an ABI 377 sequencer (Perkin-Elmer, Cam-
bridge, United Kingdom), and the sequences of each strain were compiled by
using Inherit (PE Applied Biosystems) on the attached computer.

Unambiguous compiled sequences of approximately 600 to 700 bases were
obtained for each strain and compared to known sequences in the EMBL data-
base by using FASTA (http://www.ebi.ac.uk/FASTA33/). Based on criteria de-
scribed by Stackebrandt and Goebel (43), gene sequences that were >97.0%
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identical to sequences of species in the EMBL database were assigned genus and
species names. Sequences that possessed a sequence identity of between 94.0 and
97.0% were assigned a genus name, and sequences that were <94.0% identical
to sequences in the EMBL database were described as unknown and possibly
novel genera.

Tree construction. CLUSTALX (version 1.81) (48) was used to align 500 bp of
unambiguous partial 16S ribosomal DNA from each strain against sequences
from related strains in the EMBL database. Neighbor-joining analysis was con-
ducted with the correction of Jukes and Cantor (16) by using TREECON (ver-
sion 1.3b) (49). Thermus thermophilus (EMBL accession number X07998) was
used as the outgroup. The neighbor-joining tree was edited with Corel Draw
(version 8.0) (Corel, Dallas, Tex.) to show the phylogenetic relationships among
bacteria in biofilms developed under conditions of different flow velocities.

DGGE. In order to obtain suitable cell numbers for denaturing gradient gel
electrophoresis (DGGE) analysis, biofilms were removed from approximately 2
cm? of each of the cylinders and resuspended in 1 ml of sterile water. To obtain
adequate cell numbers for DGGE analysis of the planktonic populations, 50 ml
of water was filtered through a Swinnex filter, with a membrane pore size of 0.2
wm, and the cells were collected in 500 pl. Tris-equilibrated phenol (pH 8.0) (150
wl) was added, and the suspensions were shaken three times in a Mini-Bead
Beater (Biospec Products, Bartlesville, Okla.) for 80 s at maximum speed. Fol-
lowing 10 min of centrifugation at 13,000 X g, each supernatant was extracted
three times with an equal volume of phenol-chloroform and once with chloro-
form-isoamyl alcohol (24:1 [vol/vol]). The DNA from each sample was precipi-
tated from the aqueous phase with 3 volumes of ethanol, air dried, and resus-
pended in 100 pl of deionized water. The amount and quality of DNA extracted
were estimated by electrophoresis of 5-ul aliquots on 0.8% agarose gels and by
comparison to a molecular weight standard (stained with ethidium bromide).
DNA extracts were stored at —60°C prior to analysis.

PCR was performed by using methods described by McBain et al. (27). The
eubacterium-specific primers HDA1-GC (5'-CGC CCG GGG CGC GCC CCG
GGC GGG GCG GGG GCA CGG GGG GAC TCC TAC GGG AGG CAG
CAG T-3") and HDA2 (5'-GTA TTA CCG CGG CTG CTG GCA C-3') were
used to amplify the V2-V3 region of 16S ribosomal DNA (corresponding to
positions 339 to 539 of E. coli). The reactions were carried out in 0.2-ml tubes by
using a model 480 DNA thermal cycler (Perkin-Elmer). In all instances, the
reactions were carried out with Red Tag DNA polymerase Ready Mix (25 pl)
(Sigma), HDA primers (2 ul each, 5 uM), nanopure water (16 pl), and extracted
community DNA (5 pl). Optimization studies, carried out as described by
Muyzer (28), showed that a minimum of a 1:10 dilution of extracted community
DNA was required to ensure a reliable PCR. Quantification and standardization
of extracted DNA were achieved by using a fluorescence assay (DNA quantita-
tion kit; Sigma) according to the manufacturer’s instructions. The thermal pro-
gram was as follows: 94°C (4 min); 30 thermal cycles of 94°C (30 s), 56°C (30 s),
and 68°C (60 s); and a 7-min chain elongation step (68°C).

Biofilm samples were analyzed by DGGE with a D-Code universal mutation
detection system (Bio-Rad, Hemel Hempstead, United Kingdom). Polyacryl-
amide (10%) gels (16 by 16 cm and 1 mm deep) were run with 1X TAE buffer
diluted from 50X TAE buffer (40 mM Tris base, 20 mM glacial acetic acid, 1 mM
EDTA). Initially, separation parameters were optimized by running PCR prod-
ucts from selected pure cultures of biofilm bacteria and PCR amplicons from
extracted biofilm DNA on gels with a 0 to 100% denaturation gradient perpen-
dicular to the direction of electrophoresis (100% denaturing solution contained
40% [vol/vol] formamide and 7.0 M urea). Denaturing gradients were formed
with two 10% acrylamide (acrylamide-bisacrylamide, 37.5:1) stock solutions
(Sigma). On this basis, a denaturaturing gradient ranging from 20 to 60% for a
parallel DGGE analysis was selected for community analyses. DNA for loading
onto gels was quantified and, when necessary, standardized between samples by
using a fluorescence assay (see above). Electrophoresis was carried out at 150 V
and 60°C for approximately 5 h. All gels were stained with SYBR Gold stain
(diluted to 10™* in 1X TAE buffer) [Molecular Probes (Europe), Leiden, The
Netherlands] for 30 min. Gels were viewed and images were documented by
using a BioDocit system (UVP, Upland, Calif.).

For analysis of the major resolved DGGE amplicons, selected resolved bands
were cut out of the polyacrylamide gels by using a sterile scalpel under UV
illumination and were incubated at 4°C for 20 h together with 20 .l of nanopure
water in nuclease-free universal bottles. Portions (5 pl) were removed and used
as PCR templates. PCR products were purified by using a QIA-quick PCR
purification system and sequenced by using the reverse (non-GC clamp) primer
(HDAZ2). The sequencing cycles were 94°C (4 min), followed by 25 cycles of 96°C
(30 s), 50°C (15 s), and 60°C (4 min). Once chain termination was complete,
sequencing was done with the Perkin-Elmer ABI 377 sequencer. DNA sequences
were compiled by using Autoassembler (Applied Biosystems) to obtain consen-
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sus sequences or to check and edit unidirectional sequences. For PCR of excised
DGGE bands, the presence of a GC clamp in sequence analyses confirmed that
the correct target rather than a contaminant had been reamplified. FASTA
searches were performed for each compiled sequence and the sequences in the
EMBL prokaryote database. Closest relative species were assigned based on
FASTA comparisons of compiled partial 16S rRNA gene sequences and se-
quences in the EMBL database.

Visual aggregation assay. Prior to the visual coaggregation assay, strains were
grown for 72 h in R2A broth at 30°C in a rotary shaker set at 200 rpm. A visual
aggregation assay modified from that of Rickard et al. (37) was used to assess the
abilities of strains to both coaggregate and autoaggregate. Cells were harvested,
concentrated by centrifugation for 15 min at 5,000 X g, and washed three times
in filter-sterilized distilled water. Cells were resuspended in distilled water to an
optical density at 650 nm (ODgs() of 1.0 and concentrated to give a calculated
ODgs of 1.5. For coaggregation, pairs of strains at an ODgs, of 1.5 were mixed
in equal volumes (200 pl) in silica Durham tubes (6 by 50 mm; Scientific Lab
Supplies, Wilford, Nottingham, United Kingdom) at room temperature. Mix-
tures were vortexed for 30 s and rolled gently for 1 min. The degree of coaggre-
gation for each pair was scored by using a subjective assay (8). The scoring
criteria were as follows: 0, no coaggregates in suspension; 1, small uniform
aggregates in a turbid suspension; 2, easily visible coaggregates in a turbid
suspension; 3, clearly visible coaggregates which settle, leaving a clear superna-
tant; 4, large flocs of coaggregates that settle almost instantaneously, leaving a
clear supernatant. Control tubes containing each isolate on its own were also
included to assess autoaggregation (self-aggregation). Autoaggregation was
scored by using the same criteria as those used for coaggregation. When auto-
aggregation occurred, the autoaggregation score was deducted from the coag-
gregation score to give a corrected coaggregation score.

‘Whole-cell hydrophobicity. The surface hydrophobicity of individual cells was
determined by measuring bacterial adhesion to hexadecane (40). Cells were
grown to stationary phase in R2A medium (72 h), washed three times with
phosphate-buffered saline (PBS) by centrifugation (3,000 X g for 10 min), and
resuspended to an ODygs, of 1.0. The cell suspensions (0.8 ml) alone or with 0.4
ml of hexadecane (Sigma) added were transferred to 5-ml glass test tubes and
preincubated for 15 min at 30°C with shaking at 200 rpm. The tubes were
vortexed for 2 min, and the two phases were allowed to separate for 15 min. The
aqueous PBS-cell phase was removed, and its ODg5, was determined. Whole-cell
hydrophobicity was expressed as the percent difference between the original
ODgs of cells in PBS (1.0) and the ODgs5 of the PBS-cell suspension following
the hexadecane treatment.

RESULTS

Culture-independent diversity of biofilm and planktonic
communities. DGGE was used to determine the total diversity
of biofilm communities developed at different shear rates. Fur-
thermore, to compare the planktonic community composition
to the biofilm community composition, samples from the po-
table water supply, the intermediate supply reservoir, and the
CCR outlet were also analyzed. Figure 2 shows a negative
image of the DGGE gel which indicates that significantly dif-
ferent communities have developed at different shear rates.
The biofilm which developed at the lowest shear rate (<0.1
S™1) showed the highest diversity (10 clearly visible bands).
Conversely, at the highest shear rate (305 S™1), the least di-
verse biofilm developed (five bands). Some bands were present
in all planktonic and biofilm samples (Table 1). For example,
Mycobacterium mucogenicum (band 1) and Streptomyces aver-
mitilis (band 3) were present in all biofilm and planktonic
populations. Some bands were, however, unique to each bio-
film. For example, Mesorhizobium loti (band 10) and Bradyrhi-
zobium japonicum (band 12) were found only in biofilms that
developed at shear rates of <(0.1 to 65 S™'. Some bands were
unique to planktonic communities (e.g., Corynebacterium glu-
tamicum) (Table 1.). Slight differences in community compo-
sition were also detected among planktonic communities (tap,
storage tank, and CCR outlet). In particular, S. avermitilis and
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FIG. 2. Negative image from the DGGE gel. From left to right,
samples were as follows: 5, biofilm community exposed to a shear rate
of <0.1 S71; 4, biofilm community exposed to a shear rate of 65 S™L
3, biofilm community exposed to a shear rate of 122 S™1; 2, biofilm
community exposed to a shear rate of 198 S™'; 1, biofilm community
exposed to a shear rate of 305 S™'; 6, planktonic population from the
tap feed; 7, planktonic population from the storage tank; 0, planktonic
population from the CCR outlet. Arrowheads indicate selected dense
bands from which DNA was sequenced.

C. glutamicum (Fig. 2, bands 5 and 6) were detected only in
water directly from the tap and not in the storage tank, outlet,
or any of the biofilms. These two species were not detected by
culturing (see below), and it is possible that they originated
from a biofilm in the water supply line upstream of the tap and
required specific environmental conditions in order to survive.
Opverall, for biofilm communities, DGGE showed an inverse
relationship between the shear rate and the number of genera
and species present. In addition, the compositions of the biofilms
at various shear rates differed in spite of the use of a common
source of potable water as an inoculum and growth medium.
Diversity of culturable planktonic and biofilm communities.
The diversity within culturable biofilm communities was as-
sessed following isolation on R2A agar at 30°C. The total
number of culturable bacteria in each biofilm community de-
creased by approximately 10-fold as the shear rate increased
from <0.1 S~ to the maximum of 305 S~' (data not shown).
There was also an inverse relationship between the shear rates
and the quantities of distinct colony morphotypes isolat-
ed (Table 2). For example, 17 distinct colony morphotypes
were isolated from the biofilm developed at lentic water ve-
locities (<0.1 S™"), while only 6 distinct colony morphotypes
were isolated from the biofilm developed at a high shear rate
(305 S™'). Gram-negative organisms dominated in all of the
biofilms, and only 15 gram-positive strains were isolated. For
comparison, the diversity within culturable planktonic commu-
nities was also analyzed. The three planktonic communities
(tap feed, storage vessel, and CCR outlet) were less diverse
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with respect to distinct dominant colony morphotypes than
were the five biofilm communities. Freshwater samples from
the tap, reservoir, and CCR outlet contained five, five, and six
morphologically distinct colony types, respectively. Like the
strains in the biofilm communities, the majority of the plank-
tonic strains were gram negative.

In order to determine the identities and phylogenetic rela-
tionships of the planktonic and biofilms strains, partial 16S
rRNA gene sequencing was performed. Bacteria from six ma-
jor taxonomic groups (Actinobacteria, bacilli, Cytophaga-Flexi-
bacter-Bacteroides,a-Proteobacteria,B-Proteobacteria,andy-Pro-
teobacteria) were identified (Tables 2 and 3). All but four
strains were identified to at least the genus level by 16S rRNA
sequencing, and these are candidate members of novel genera.
Using the criteria of Stackebrandt and Goebel (43), the ma-
jority of the strains were identified to the species level, as
their sequences showed >97% identity to 16S rRNA gene
sequences in the EMBL database (Tables 2 and 3).

A neighbor-joining tree containing all of the isolated biofilm
and planktonic strains was constructed (Fig. 3). Through color
coding of each strain name according to the biofilm sample
from which the strain originated, it is clear that each shear rate
did not select for a single cluster of species, genera, or taxo-
nomic group. Rather, it selected for groups of genetically un-
related strains to generate taxonomically diverse multispecies
biofilms. It is evident, however, that high shear rates (122 to
305 S7') selected for species from the Bacteroidetes-Chlorobi
group and that low shear rates (<0.1 to 65 S™') selected for
species from the bacilli. Curiously, a comparison of the diver-
sity of the biofilm populations to that of the planktonic popu-
lations showed that some species were unique to the plank-
tonic phase and were not able to form or survive on biofilms.
For example, Paenibacillus amylolyticus, Sphingomonas abikon-
ensis, and Hymenobacter sp. were cultured from water running
through the CCR unit but were not detected on biofilms. This
ambiguity most likely reflects preferential colonization of up-
stream water piping or the inlet or outlet tubing linked to the
device by these species. Conversely, many species of bacteria,
such as Sphingomonas yanoikuyae and Acidovorax sp., were
isolated from biofilm communities but were not detected in the
planktonic phase. As also shown by DGGE (see above), each

TABLE 1. Sequenced bands from the DGGE gel

Sequence Community sample(s) in
Band  length Closest relative hich b ()1, i p u
(bp) which band was present’
1 142 Mycobacterium mucogenicum 0, 1, 2, 3, 4,5, 6, 7 (All)
2 161 Mycobacterium mucogenicum 0, 1,2, 3,4,5,6,7 (All)
3 160 Streptomyces avermitilis 0,1,2,3,4,5,6,7 (All)
4 151 Sphingomonas sp. 0,1,2,3,4,5 (All)
5 153 Streptomyces avermitilis 6 (Planktonic only)
6 156 Corynebacterium glutamicum 6 (Planktonic only)
7 148 Uncultured a-proteobacterium 7, 6, 0 (Planktonic only)
8 152 Mycobacterium sp. 7 (Planktonic only)
9 162 Rhodococcus sp. 7, 6, 0 (Planktonic only)
10 153 Mesorhizobium loti 5, 4, 3 (Biofilm only)
11 140 Brevundimonas vesicularis 4, 3, 2 (Biofilm only)
12 146 Bradyrhizobium japonicum 5, 4, 3 (Biofilm only)
13 138 Methylobacterium fujisawae 1, 2, 3, 4, 5 (Biofilm only)

“ As indicated by the presence or absence of bands in the DGGE gel shown in
Fig. 2, which also shows band positions.
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TABLE 2. Strains isolated and identified from biofilm communities that developed in the CCR

Strai Shear rate Most closely related species Sequence length % Sequence Assigned EMBL
rain 1 N . N
S or genus (bp) identity accession no.
1.1 305 Variovorax paradoxus 638 99.8 AJ626891
1.3 305 Mycobacterium mucogenicum 606 100 AJ626892
1.4 305 Unknown 524 91.8 AJ626893
1.5 305 Unknown 553 92.7 AJ626894
1.6 305 Acidovorax sp. 544 94.7 AJ626895
1.7 305 Acidovorax sp. 551 96.4 AJ626982
2.1 198 Mycobacterium mucogenicum 594 99.7 AJ626983
2.2 198 Methylobacterium fujisawae 593 97.4 AJ6269849
23 198 Variovorax paradoxus 631 99.8 AJ626985
2.4 198 Flavobacterium sp. 630 98.5 AJ626986
2.5 198 Brevundimonas vesicularis 624 99.8 AJ626987
2.6 198 Mycobacterium mucogenicum 590 96.4 AJ626999
2.7 198 Mycobacterium mucogenicum 613 99.1 AJ627000
2.8 198 Unknown 635 92.9 AJ627001
2.9 198 Unknown 609 92.5 AJ627002
3.1 122 Mycobacterium mucogenicum 558 99.5 AJ627003
33 122 Sphingomonas melonis 559 98.7 AJ627004
3.4 122 Flavobacterium sp. 645 98.6 AJ627005
35 122 Variovorax paradoxus 640 99.8 AJ627006
3.6 122 Variovorax paradoxus 624 99.7 AJ627007
3.8 122 Dermacoccus nishinomiyaensis 595 99.5 AJ627008
3.9 122 Sphingomonas yanoikuyae 610 99.8 AJ627008
311 122 Brevundimonas vesicularis 649 100 AJ627010
3.12 122 Mycobacterium mucogenicum 532 100 AJ627011
4.1 65 Brevundimonas vesicularis 491 100 AJ627012
42 65 Variovorax paradoxus 640 99.8 AJ627013
4.3 65 Micrococcus luteus 659 100 AJ627014
4.4 65 Micrococcus luteus 655 99.8 AJ627015
4.5 65 Mycobacterium mucogenicum 660 100 AJ627393
4.6 65 Brayrhizobium japonicum 592 100 AJ627394
4.7 65 Bacillus sphaericus 668 98.3 AJ627395
4.8 65 Methylobacterium fujisawae 593 98.1 AJ627396
49 65 Sphingobium yanoikuyae 640 99.4 AJ627397
5.1 <0.1 Variovorax paradoxus 608 99.7 AJ627398
52 <0.1 Methylobacterium nodulans 581 98 AJ627399
53 <0.1 Sphingomonas sp. 564 100 AJ627400
55 <0.1 Sphingomonas sp. 594 100 AJ627401
5.6 <0.1 Brevundimonas vesicularis 629 99.8 AJ627402
5.7 <0.1 Methylobacterium sp. 555 99.6 AJ627403
5.8 <0.1 Sphingomonas sp. 640 100 AJ627404
5.9 <0.1 Bradyrhizobium japonicum 592 100 AJ627405
5.10 <0.1 Pseudoxanthomonas mexicana 651 99.8 AJ627406
5.11 <0.1 Mycobacterium mucogenicum 563 99.3 AJ627407
5.12 <0.1 Roseomonas gilardii 590 99.6 AJ627408
5.13 <0.1 Sphingomonas sp. 640 100 AJ627409
5.14 <0.1 Micrococcus luteus 560 99.8 AJ627410
5.15 <0.1 Mycobacterium mucogenicum 521 99.4 AJ627411
5.16 <0.1 Methylobacterium nodulans 560 97.1 AJ627412
5.17 <0.1 Methylobacterium fujisawae 593 98.1 AJ627413
5.20 <0.1 Staphylococcus hominis 642 99.5 AJ627414

planktonic and biofilm community contained phylotypes that
were exclusive to that community. Hence, each community was
unique, in spite of the common inoculum and water feed.
Culturing versus culture-independent analysis. An overall
comparison of species identified by culturing (on R2A) and by
culture-independent analysis (DGGE) indicated that DGGE
identified species that were not identified by culturing. Only 7
of 13 sequenced bands (54%) from the DGGE gel were from
species that were also isolated by culturing on R2A agar. For
example, S. avermitilis (Table 1, band 3), which was detected by
DGGE of biofilm and planktonic community samples, was not
cultured on R2A agar. Additionally, Mesorhizobium loti (Table
1, band 10) was detected in biofilm communities by DGGE and

not by culturing on R2A agar. The remaining four species that
were detected by DGGE and not by culturing were from plank-
tonic communities (Table 1, bands 5, 6, 7, and 9). Such differ-
ences in composition suggest that a proportion of each bacte-
rial community was probably nonculturable. Conversely, many
species of bacteria were detected by culturing and not by
DGGE, probably because many of the bands that were de-
tected by DGGE could not be sequenced because the quantity
of DNA was too small or the bands were poorly resolved.
Aggregation abilities of bacteria within biofilm communi-
ties. The phylogenetic relatedness of members of each biofilm
community and the coaggregation and autoaggregation abilities
of strains within each biofilm community were studied. The co-
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TABLE 3. Strains isolated and identified from planktonic communities that developed in the CCR
Strai Planktonic Most closely related Sequence % Sequence Assigned EMBL
train . ; AN .
community species or genus length (bp) identity accession no.

0.1 Outlet Dyadobacter fermentens 573 98.3 AJ626875
0.2 Outlet Dyadobacter fermentens 618 98.9 AJ626876
0.3 Outlet Variovorax paradoxus 560 99.8 AJ626877
0.5 Outlet Methylobacterium extorquens 560 99.5 AJ626878
0.6 Outlet Hymenobacter sp. 602 96.7 AJ626879
0.7 Outlet Variovorax paradoxus 606 99.7 AJ626880
6.1 Tap feed Mycobacterium mucogenicum 560 99.8 AJ626881
6.2 Tap feed Bradyrhizobium japonicum 589 100 AJ626882
6.3 Tap feed Brevundimonas vesicularis 572 100 AJ626883
6.4 Tap feed Variovorax paradoxus 531 97.2 AJ626884
6.5 Tap feed Flavobacterium sp. 654 100 AJ626885
7.2 Storage tank Paenibacillus amylolyticus 637 99.7 AJ626886
7.3 Storage tank Sphingomonas aromaticivoran 540 100 AJ626886
7.4 Storage tank Sphingomonas abikonensis 555 100 AJ626888
7.5 Storage tank Methylobacterium sp. 521 100 AJ626889
7.6 Storage tank Variovorax paradoxus 640 99.7 AJ626890

aggregation ability, autoaggregation ability, and whole-cell hy-
drophobicity of each biofilm strain were determined (Table 4).

Of the 50 biofilm strains studied, a total of 20 (40%) auto-
aggregated. Species that autoaggregated included M. muco-
genicum, Methylobacterium fujisawae, and Acidovorax sp. The
proportion of biofilm bacteria that were able to autoaggregate
was inversely related to the shear rate imposed on the biofilm
community. In the biofilm that developed at the lowest shear
rate (<0.1 S™'), 4 of 17 strains (24%) autoaggregated. In the
biofilm that developed at the highest shear rate (305 S™1), five
of six strains (83%) autoaggregated.

The surface hydrophobicity of each strain could also be
related to the biofilm from which it was isolated. As the shear
rate increased, so too did the proportion of bacteria that pos-
sessed a high level of surface hydrophobicity (>75%). In gen-
eral, strains that autoaggregated also possessed a high level of
surface hydrophobicity and included M. mucogenicum, Methy-
lobacterium sp., and Acidovorax sp.

Unlike the findings for autoaggregation and surface hydropho-
bicity, the proportion of coaggregating biofilm strains did not
increase consistently with increasing shear rate. Overall, 39 of the
50 biofilm strains studied coaggregated with at least one other
partner strain. The biofilm community with the highest propor-
tion of coaggregating bacteria developed at an intermediate shear
rate (122 S™"). At 122 S, all of the culturable strains from this
community were able to coaggregate with at least one other strain
from this community (Table 4). The proportion of bacteria that
coaggregated was smaller in biofilms developed at either high
shear rates (2 of 6 strains at 305 S™*) or low shear rates (15 of 17
strains at <0.1 S™'). In the CCR unit, therefore, the optimum
fluid velocity to select for coaggregating bacteria in freshwater
biofilm communities was 122 S™*.

Few coaggregation and autoaggregation interactions were
detected between bacteria from planktonic communities. Only
6 of 16 strains coaggregated to give a total of four coaggre-
gation partnerships (Table 5). The most promiscuous coag-
gregating strains were B. japonicum 6.2 and Sphingomonas
arimaticavoran 7.3. Four strains autoaggregated, and M. mu-
cogenicum 6.1 gave the highest visual autoaggregation score (a
score of 2). Like the observations for the strains from the
biofilm communities, the planktonic strains that autoaggre-
gated also possessed a high level of surface hydrophobicity.

Coaggregation interactions between strains from biofilms or
the planktonic phase were predominantly intergeneric (occurring
between members of two genera). Only three intrageneric coag-
gregations were detected, between Sphingomonas melonis 3.3 and
S. yanoikuyae 3.9 (a visual score of 2), between Methylobacterium
nodulans 5.2 and Methylobacterium sp. strain 5.7 (a visual score of
3), and between Sphingomonas sp. strain 5.3 and Sphingomonas
sp. strain 5.13 (a visual score of 2). Intraspecies coaggregation
(between members of the same species) was not detected.

DISCUSSION

Shear rates over surfaces directly influence the bacterial
composition and diversity of multispecies biofilms that form
on them. As biofilm diversity decreased with increasing fluid
shear, the proportion of bacteria that autoaggregated and co-
aggregated was altered dramatically. The proportion of auto-
aggregating bacteria within a biofilm was shown to be inversely
related to the shear rate. The proportion of coaggregating
bacteria, however, was maximal only at an intermediate fluid
flow velocity. Collectively, these findings support the sugges-
tions by Cloete et al. (9) and Rickard et al. (35) that fluid flow
velocity (and associated shear rate) moderates biofilm diversity
and that the ability to aggregate is an important determinant of
biofilm formation at high shear rates.

The experiments performed in the current study involved the
use of a CCR to simulate shear rates 50 wm from the surface of
a rotating stainless steel surface that were equivalent to those (50
to 300 s~ ') suggested to occur within the infrastructure and
channels of mature aquatic biofilms (2). The results obtained
for coaggregation and community population dynamics there-
fore can be considered to relate to occurrences within polymi-
crobial freshwater communities. Shear rates have been sug-
gested to be important in the development of biofilm
community structure (3) and govern the abilities of individual
species to immigrate to biofilms and to colonize new surfaces
(9, 45). Other factors include substratum composition, concen-
trations of solutes, and nutrient availability (6, 19). Our data
are in agreement with those of Soini et al. (42) and indicated
that an increase in the fluid shear rate from approximately 0 to
305 S reduced the total cell number by only 10-fold (from
approximately 2.5 X 10° CFU/cm? to 1 X 10° CFU/cm?).
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TABLE 4. Visual coaggregation and autoaggregation scores for biofilm strains after growth on R2A agar for 73 h

SHEAR RATE AND FRESHWATER BIOFILM DIVERSITY
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Total no. of Auto- % Whole-cell
Strain Coaggregation partner (scores)” coaggregating aggregation hydropho-

partners score bicity
Variovorax paradoxus 1.1 1.3 (1) 1 0 12.1
Mycobacterium mucogenicum 1.3 1.1 (1) 1 3 99.1
Unknown 1.4 None 0 2 88.7
Unknown 1.5 None 0 2 99.3
Acidovorax sp. strain 1.6 None 0 4 94.4
Acidovorax sp. strain 1.7 None 0 4 99.9
Mycobacterium mucogenicum 2.1 None 0 1 99.7
Methylobacterium fujisawae 2.2 24 (1) 1 3 78.7
Variovorax paradoxus 2.3 None 0 0 42
Flavobacterium sp. strain 2.4 22 (1),25(1),2.6 (2),25(1) 4 0 12.6
Brevundimonas vesicularis 2.5 24 (1) 1 0 9.4
Mycobacterium mucogenicum 2.6 24 (2) 1 1 74.8
Mycobacterium mucogenicum 2.7 2.4 (1) 1 3 99.7
Unknown 2.8 None 0 1 5.4
Unknown 2.9 None 0 1 53
Mycobacterium mucogenicum 3.1 3.4(2),39 () 2 2 99.1
Sphingomonas melonis 3.3 3.4 (1),3.6 (1),3.9(2),3.11 (1), 3.12 (1) 5 0 2.1
Flavobacterium sp. strain 3.4 3.1(2),33(1),3.8(1),39(3),3.12(1) 5 0 1.6
Variovorax paradoxus 3.5 39(1),3.12 (1) 2 0 1.7
Variovorax paradoxus 3.6 33 (1),3.8(1),3.9(2),3.12 (1) 4 1 5.0
Dermacoccus nishinomiyaensis 3.8 3.4(1),3.6 (1),3.12 (2) 3 0 49.2
Sphingomonas yanoikuyae 3.9 3.1(2),33(2),34(3),35(1),3.6(2),3.12(1) 6 0 0.3
Brevundimonas vesicularis 3.11 33 (1) 1 0 13.9
Mycobacterium mucogenicum 3.12 3.3 (1),3.4(1),35(1),3.6 (1),3.8(2),3.9 (1) 6 1 68.2
Brevundimonas vesicularis 4.1 4.2 (3),43(1),44(2),48(1),49 (1) 5 0 3.6
Variovorax paradoxus 4.2 4.1(3),4.4(2),48(2),49(3) 4 0 12
Micrococcus luteus 4.3 4.1 (1), 4.6 (2),48(1),49 (2) 4 0 63.8
Micrococcus luteus 4.4 4.1(2),42(2),46(1),49 (2) 4 0 73.8
Mycobacterium mucogenicum 4.5 4.6 (1) 1 3 60.4
Brayrhizobium japonicum 4.6 43 (2),4.4(1),45(1),49 4 4 0 6.9
Bacillus sphaericus 4.7 None 0 0 7.7
Methylobacterium fujisawae 4.8 4.1 (1),42(2),43(1) 3 2 52.9
Sphingobium yanoikuyae 4.9 4.1(1),42(3),43(2),44(2),46 (4 5 0 3.6
Variovorax paradoxus 5.1 5.2 (1),5.6 (2),5.7 (3), 5.13 (1), 5.17 (3), 5.20 (1) 6 0 1.2
Methylobacterium nodulans 5.2 5.1(1),55(2),57(3),59 (2),513 (1) 5 0 3.4
Sphingomonas sp. strain 5.3 5.6 (2),5.7(2),59 (1), 5.10 (2), 5.12 (2), 5.13 (2) 6 0 12.2
Sphingomonas sp. strain 5.5 5.2(2),5.6 (2),5.7 (4),520 (2) 4 0 5.2
Brevundimonas vesicularis 5.6 5.1(2),53(2),55(2),5.7(2),5.8 (1), 5.10 (1), 5.13 (4) 7 0 44
Methylobacterium sp. strain 5.7 5.1(3),52(3),53(2),55(3),56(2),58(3),59(2),5.10 (2), 10 1 88.5

5.11 (2), 5.13 (1)

Sphingomonas sp. strain 5.8 5.6 (1),5.7 (3), 59 (3), 5.10 (4), 5.17 (1) 5 0 0.6
Bradyrhizobium japonicum 5.9 52(2),53(1),5.7 (2), 5.8 (3), 5.10 (3), 5.11 (1), 5.13 (1), 5.17 (3) 8 0 0.3
Pseudoxanthomonas mexicana 5.10 5.3 (2), 5.6 (1), 5.7 (2), 5.8 (4), 5.9 (3), 5.11 (1), 5.20 (1) 7 0 39
Mycobacterium mucogenicum 5.11 5.7(2),59 (1), 5.10 (1), 5.17 (2) 4 2 61.6
Roseomonas gilardii 5.12 5.3 (2),5.13 (2),5.20 (2) 3 0 2.1
Sphingomonas sp. strain 5.13 5.1(1),52(1),53(2),57(1),59(1),512 (2) 6 0 3.1
Micrococcus luteus 5.14 5.6 (4),5.20 (1) 2 0 73.0
Mycobacterium mucogenicum 5.15 None 0 2 99.0
Methylobacterium nodulans 5.16 None 0 0 10.2
Methylobacterium fujisawae 5.17 5.1 (3),5.8(1),59 (3),511 (2) 4 1 264
Staphylococcus hominis 5.20 5.1 (1),5.5(2),5.10 (1), 5.12 (2), 5.14 (1) 5 0 355

“ Coaggregation interactions were determined for strains from within each sampled community. If autoaggregation was present, the autoaggregation score was
deducted to give the actual coaggregation score.

However, as shown by DGGE and culturing on R2A agar, the
total diversity was also dramatically reduced. Biofilms were
much less diverse at high shear rates (198 and 305 S™') than at
low shear rates (<0.1 S™1). Furthermore, the only strains that
did not possess 16S rRNA gene sequences with significant
identities (<<94%) to known sequences in the EMBL database
were isolated at the higher shear rates (strains 1.4, 1.5, 2.8, and
2.9; Fig. 3). From these data, it is clear that increasing fluid
shear rates select for different species of biofilm-forming bac-
teria that would not necessarily be present elsewhere.

There are numerous mechanisms by which bacteria can at-
tach to surfaces and integrate into biofilm communities in

flowing environments (5, 22, 36, 46). Mechanisms that have
recently received much interest include coaggregation and au-
toaggregation abilities and bacterial whole-cell hydrophobicity.
The data presented here suggest that all three factors are
important for colonization and biofilm development in flowing
environments. However, autoaggregation ability and whole-
cell hydrophobicity were the only two cellular properties that
increased uniformly as the shear rate increased. At high shear
rates (198 and 305 S™'), a larger proportion of bacteria pos-
sessed a high level of whole-cell hydrophobicity and were able
to autoaggregate (Table 4). The largest proportion of bacteria
that were able to coaggregate was seen at the intermediate
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TABLE 5. Visual coaggregation and autoaggregation scores for planktonic strains after growth on R2A agar for 72 h

Total no. of

. Coaggregation partner N Autoaggregation % Whole-cell
Strain 5 (fcore)“p coaggregating sgcgoreg hydrophobicity
partners

Dyadobacter fermentens 0.1 None 0 0 11.1
Dyadobacter fermentens 0.2 None 0 0 18.7
Variovorax paradoxus 0.3 73 (2) 1 1 14.5
Methylobacterium extorquens 0.5 None 0 0 38.2
Hymenobacter sp. strain 0.6 None 0 0 5.1
Variovorax paradoxus 0.7 6.2 (1) 1 0 6.4
Mycobacterium mucogenicum 6.1 6.5 (2) 1 2 87.4
Bradyrhizobium japonicum 6.2 0.7 (1), 7.3 (1) 2 0 4.0
Brevundimonas vesicularis 6.3 None 0 0 8.8
Variovorax paradoxus 6.4 None 0 1 235
Flavobacterium sp. strain 6.5 6.1 (2) 1 0 1.5
Paenibacillus amylolyticus 7.2 None 0 0 18.1
Sphingomonas aromaticivoran 7.3 0.3 (2), 6.2 (1) 2 0 16.9
Sphingomonas abikonensis 7.4 None 0 0 5.8
Methylobacterium sp. strain 7.5 None 0 1 92.7
Variovorax paradoxus 7.6 None 0 0 6.2

“ If autoaggregation was present, the autoaggregation score was deducted to give the actual coaggregation score.

fluid shear rate of 122 S™'. Therefore, it is likely that autoag-
gregation interactions, which are enhanced by whole-cell hy-
drophobicity (10, 21, 24), are stronger than coaggregation
interactions and directly aid in cell-surface and cell-cell attach-
ment and colonization at high shear rates. As such, the failure
to integrate into a biofilm relates to shear conditions in which
adhesive forces are weaker than dispersive ones. Conse-
quently, more taxonomically diverse biofilms developed at
lower shear rates, and these contained a high proportion of
coaggregating bacteria (Table 4). It is possible that while co-
aggregation only weakly enhances cell-cell attachment (com-
pared to autoaggregation), it mediates the juxtapositioning of
species next to favorable partner species within taxonomically
diverse biofilms. The recognition of specific species of bacteria
through coaggregation is hypothesized to be crucial for im-
proved growth and cellular division and can lead to luxuriant
interdigitated growth (30). Such a mutualistic strategy is se-
lected against at high shear rates; instead, an autoaggregative
biofilm community develops.

An overall comparison of the bacterial diversity of the biofilm
and planktonic communities by DGGE and culturing on R2A
agar indicated that some strains were not cultured. As a conse-
quence, the aggregation ability of the unculturable strains could
not be studied. It is possible that these strains were able to coag-
gregate and/or autoaggregate. In support of this suggestion, it is
clear that many of these strains that were clearly detected by
DGGE, as shown by strongly stained bands (Fig. 2), were also
detected on R2A agar as numerically dominant species within
each biofilm community and possessed co- and/or autoaggrega-
tion properties that may have enhanced their ability to be mem-
bers of each biofilm. For example, DGGE detected three Myco-
bacterium spp. in biofilm communities, and these were shown to
be present by culturing and to possess autoaggregation and co-
aggregation abilities. The large numbers of genetically distinct
aggregative Mycobacterium spp. that were detected by both cul-
turing and culture-independent methods also highlight the impor-
tance of this genus with respect to its pathogenic ability and its
ability to reside in biofilms (13).

Biofilms in water systems cause problems ranging from surface

corrosion to support of the survival and growth of pathogens (18).
Mycobacterium spp. and Flavobacterium spp. are known opportu-
nistic pathogens in humans (26, 32), and members of both of
these genera were isolated from biofilms exposed to different flow
velocities (Fig. 2). M. mucogenicum has frequently been isolated
from potable freshwater systems, and previous work by Falkin-
ham et al. (13) indicated that Mycobacterium spp. (including M.
mucogenicum) are common to freshwater biofilms exposed to a
variety of flow velocities (and associated shear rates). In this
study, it was shown that the majority of Mycobacterium spp. co-
aggregated with at least one partner and that all autoaggregated.
As such, the abilities to autoaggregate and coaggregate may
enhance the ability of the species to promiscuously integrate
into biofilms developing at different fluid shear rates. Less is
known about Flavobacterium spp. in freshwater systems, al-
though Schmeisser et al. (41) and Tall et al. (47) identified
strains in potable and dental water lines. The results shown
here indicate that Flavobacterium spp. were present only in
biofilms developing at intermediate and high shear rates of 122
and 198 S™* (Fig. 2) and were able to coaggregate but not to
autoaggregate (Table 3). It is possible that the inability of
Flavobacterium spp. to autoaggregate contributed to their ab-
sence at high shear rates because there were fewer species with
which to coaggregate and that the physiochemical interactions
that mediate autoaggregation are stronger than those that me-
diate coaggregation. The strengths of coaggregation and auto-
aggregation interactions and their respective roles in biofilm
development are currently being studied further.

In conclusion, we have demonstrated a relationship between
shear rate and freshwater multispecies biofilm diversity. The
proportions of bacteria that coaggregate and autoaggregate in
biofilms also change in relation to shear rates. Circumstantial
evidence suggests that it is likely that such cell-cell interactions
aid in the integration of bacteria in flowing environments.
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