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ABSTRACT: We compared the heterotrophic community composition of bacterial biofilms on the submerged macrophytes Myriophyllum spicatum and Potamogeton perfoliatus and on an artificial surface in Lower Lake Constance (Germany) on spatial (plant age) and temporal scales using denaturing gradient gel electrophoresis (DGGE) and fluorescence in situ hybridization (FISH). M. spicatum
contains polyphenolic allelochemicals that inhibit algae, cyanobacteria, and heterotrophic bacteria,
and possibly influence the community composition, whereas P. perfoliatus does not. In 2005, the community composition of bacterial biofilms on apices and leaves of M. spicatum differed significantly. In
2006, the biofilm communities on the apices or leaves of M. spicatum and P. perfoliatus and the artificial surface did not differ significantly, although all except one apex sample of M. spicatum formed
a distinct cluster based on DGGE banding patterns. On all surfaces, members of the CytophagaFlavobacter-Bacteroidetes (CFB) group (16 to 22%), Alphaproteobacteria (19%), and Betaproteobacteria (7 to 31%) were abundant; Actinobacteria and Planctomycetes occurred less frequently.
Sequences of DNA fragments excised from DGGE gels were mainly affiliated with yet uncultured
clones originating from various freshwater habitats. Several sequences were from bacteria capable of
degrading phenolic and aromatic compounds. The chemical composition of the 2 plant species and of
the different parts of M. spicatum differed up to an order of magnitude. Differences in the biofilm
community composition mainly depended on environmental factors (water level, conductivity, temperature, pH) and the plant chemical composition, especially the carbon and total phenolic content.
Our results suggest that the biofilm community on M. spicatum apices is related to specific bacterial
functions in this microenvironment.
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Submerged macrophytes are the major primary producers in the littoral zones of lakes. They structure
these zones by reducing sediment resuspension and
providing spawning areas and shelter for young fishes
and zooplankton. They further offer a vast surface area
for the attachment of various organisms, from bacteria
and algae to invertebrates (Jeppesen et al. 1998).

Heterotrophic bacteria largely contribute to the overall nutrient cycling and interact in various ways with
other organisms by relocating nutrients, converting
degradation products, restoring growth forms of macroalgae, facilitating spore attachment, and preventing
grazing (Joint et al. 2000, Buesing & Gessner 2006,
Marshall et al. 2006). In the root sections of macrophytes, bacteria are generally recognized as important
mediators of macrophyte nutrient uptake, especially
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nitrogen (Eriksson & Weisner 1999). In return, macrophytes provide substrates for bacteria, e.g. exuded
organic compounds or gases such as methane from the
root zone; these substrates can be transported through
the lacunar system, i.e. the aerenchyme that provides
gas exchange between roots and shoots in aquatic
higher plants, to the above-ground plant parts and
released into the water column (Gross et al. 1996,
Schuette 1996, Heilman & Carlton 2001). Bacteria can
also have negative effects on their hosts by invading
and damaging tissue and promoting biofouling (Underwood 1991). Potential negative consequences, e.g. decreased exchange of nutrients and reduced photosynthesis, can also occur if excessive bacterial biofilms
form (Phillips et al. 1978, Sand-Jensen & Søndergaard
1981). The littoral zone is therefore not solely characterized by the macrophyte community but also by their
autotrophic and heterotrophic biofilms.
Terrestrial plants display chemical defenses against
competitors, pathogens, and herbivores. An aquatic dicotyledonous angiosperm with a high allelochemical
potential in Lake Constance, Germany, is Myriophyllum spicatum L. It has canopy-forming growth and produces high amounts of hydrolyzable polyphenols that
retard larval growth and inhibit photosynthesis and
bacterial growth (Choi et al. 2002, Leu et al. 2002, Walenciak et al. 2002). These polyphenols are located in
the plant tissue and may also leak from leaves into the
surrounding water. Thus, biofilms on the surface of
these plants are exposed to polyphenols in high concentrations, and the bacteria may develop specific
adaptations, such as the utilization of polyphenols as
substrates (Müller et al. 2007). Another macrophyte
growing in the vicinity of M. spicatum in Lake Constance is the monocotyledonous pondweed Potamogeton perfoliatus, which forms large stands in water
depths of 3 to 4 m, with shoots reaching the water surface. It contains only very low amounts of phenolic
compounds but no polyphenols (Choi et al. 2002). We
do not know if P. perfoliatus also contains diterpenes,
which have been found in several other pondweeds
and inhibit microalgae (DellaGreca et al. 2001). Our
long-term analyses show that the chemical composition
of M. spicatum in Lake Constance varies seasonally
and forms a gradient of macro- and micronutrients and
phenolic compounds from the apices to the older leaves
(E. Gross unpubl.; the present study). In contrast, P. perfoliatus generally forms no pronounced macronutrient
gradients (E. Gross unpubl.; the present study).
Little attention has been paid to the heterotrophic
bacterial biofilm on submerged freshwater macrophytes, and especially to the spatial differences in
composition of the biofilms on younger and older
leaves. Studies of heterotrophic bacteria in biofilms on
macrophytes with cultivation-dependent techniques

(Chand et al. 1992) are often biased owing to the selectivity of the media used. In contrast, many of the molecular studies of the biofilm community on aquatic
interfaces have been carried out using artificial surfaces (Olapade & Leff 2006) or marine micro- and
macroalgae (Grossart et al. 2005, Rao et al. 2006). Only
recently, more information on epiphytic bacteria
on freshwater macrophytes, among them pondweeds
(Potamogeton perfoliatus), has become available
(Crump & Koch 2008, Hempel et al. 2008).
Here we investigated and compared the composition
of the bacterial biofilm community on different macrophyte species, different parts of the same plant, and
artificial surfaces in Lake Constance. We determined
whether the chemical composition of the apices and
the lower leaves of Myriophyllum spicatum differed
and whether the bacterial community composition of
the polyphenol-rich M. spicatum is distinct from that
of the polyphenol-free Potamogeton perfoliatus or an
artificial surface. We measured the contents of carbon,
nitrogen, phosphorus, chlorophyll, total phenolic
content, and anthocyanins in the 2 plants, and the
hydrolyzable polyphenol tellimagrandin II in M. spicatum. In 2005, we investigated spatial differences in the
biofilm community of younger and older plant parts of
M. spicatum using denaturing gradient gel electrophoresis (DGGE). In summer 2006, we extended our
study and compared the biofilm communities on M.
spicatum, P. perfoliatus, and polypropylene sheets
using DGGE, sequencing, and fluorescence in situ
hybridization (FISH) for major bacterial groups.

MATERIALS AND METHODS
Sampling. All samples were collected near the
Island of Reichenau in Lower Lake Constance, Germany (47° 42’ N, 9° 02’ E). In July, August, and October
2005, we sampled 3 different plant stands of Myriophyllum spicatum during the growing season within
an area of approximately 20 m2. In 2006, we sampled
M. spicatum, Potamogeton perfoliatus, and an artificial
surface (polypropylene sheets) every 2 wk between
17 July and 9 October at a depth of 1.5 to 2.6 m. The
0.3 mm thick polypropylene sheets (Ibico; 9.7 × 1.2 cm)
were deployed at 2.6 m water depth 2 wk before
sampling began. A hole was punched into each end of
each sheet. A float was tied to 1 end to ensure an
upright position; a lace was tied to the other end and to
a plastic bar fixed to the ground with tent pegs.
We sampled Myriophyllum spicatum, Potamogeton
perfoliatus, and the artificial surfaces by snorkeling.
Plants and artificial surface samples were stored individually in sterile 50 ml polyethylene tubes at 4°C until processing (< 24 h). We stored plants for chemical analyses
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unit to equal 1 leaf per plant section. The biofilm on
each sample was detached as described above. The
suspension containing the detached biofilm was filtered onto ME 24 membrane filters (0.2 µm; Δ 45 mm,
Schleicher & Schuell) and stored at –20°C until the
DNA was extracted.
FISH. FISH was performed following a protocol
including hybridization at 46°C for 3 h and washing for
15 min at 48°C (Pernthaler et al. 2001). Filters were
counterstained with 4’, 6-diamidino-2-phenylindole
(DAPI, 1 µg ml–1, 5 min). At least 300 DAPI-stained
cells or 3 × 100 fields of vision were counted under an
epifluorescence microscope (Labophot 2, Nikon) with
excitation at 549 nm and with 1000 × magnification.
The probes used are listed in Table 1, and further
details are available at probeBase (Loy et al. 2003).
Measurement of leaf surface. To relate total cell
counts to the surface area of the plants, we photographed the leaves with a Nikon D70S and analyzed
the pictures with Makrophyt, a computer program designed by the scientific workshops of the University of
Konstanz. The software calculates the leaf area based
on the number of black and white grid cells found on a
given photograph. The area of the outer edge of the leaf
was calculated and then adjusted visually to account for
detached leaf filaments. Each leaf was photographed
with 3 different exposure times, and the mean leaf size
was calculated. The calculated area of Myriophyllum
spicatum was multiplied by π to account for the circular
shape of the leaves. To calculate the leaf surface of
Potamogeton perfoliatus, the area was multiplied by 2
since the oval leaves are laminar.
DNA extraction. The ME 24 membrane filters
detailed in ‘Detachment of epiphytic biofilm’ were cut
into small pieces, and DNA was extracted following
a standard phenol/chloroform protocol with an additional lysozyme step (8 mg ml–1; 260 µl sample–1;
30 min at 65°C; Walenciak 2004). Extracted DNA was
dried, re-dissolved in 40 µl of DNA-free water, and
quantified photometrically at 260 nm.
Polymerase chain reaction (PCR). PCR was performed in a Thermocycler T-Gradient (Biometra). We

in plastic bags at 4°C until analysis the next day. On each
sampling date, 3 replicates consisting of at least 5 plants
from 1 stand were analyzed, and temperature, oxygen,
conductivity, and pH were measured in the water column 20 cm below the water surface.
Detachment of epiphytic biofilm. In the laboratory,
we measured plant length and recorded the overall
state of the plant by observing the color of the leaves
and the approximate leaf damage caused by grazing.
Artificial surfaces were documented photographically.
The plant was divided into 3 sections: the apex, the
mid-shoot (1 to 10 cm from the apex), and the lower
shoot (10 to 25 cm from the apex). We defined the apex
as the growing tip of the main shoot. The apices were
separated from the main shoot at the node below
which the internode length exceeded 5 mm. From this
apical section, we used 1 differentiated leaf for the
measurements. For FISH analyses, 9 leaves were sampled in total, 1 from each section of 3 plants located
in 3 different stands. Each leaf and also a section of
each artificial surface (~1 cm2) were transferred to 1 ml
0.1 M Na4P2O7 × 10 H2O containing 3.7% formaldehyde. The biofilm was detached by 1 min of ultrasonication (Laboson 200 ultrasonic bath, Bender &
Hobein), 15 min of shaking (18.3 Hz, horizontal shaker,
Eppendorf), and subsequent ultrasonication for 1 min.
We recently optimized the detachment of epiphytic
bacteria from macrophytes (Hempel et al. 2008). After
detachment of the biofilm, leaves were transferred
into 1 ml of tap water and stored at 4°C until the leaf
surface area was measured. The detached biofilm
was filtered onto white polycarbonate filters (0.2 µm;
Δ 25 mm, Schleicher & Schuell) and stored at –20°C.
For bacterial DNA isolation, we transferred 1 apex, 5
(Potamogeton perfoliatus) or 13 (Myriophyllum spicatum) lower leaf sections, and 2 cm of the middle part of
1 artificial surface to 15 ml 0.1 M Na4P2O7 × 10 H2O.
Fewer leaves of P. perfoliatus were sampled because
the leaf surface was much larger (6.5 ± 2.8 cm2, mean ±
1 SD) than that of M. spicatum (1.7 ± 0.6 cm2). Since
precise standardization of the sampled leaf area would
have been too time consuming, we considered each

Table 1. Oligonucleotide probes used in this study. Probes were labeled with cy3
Probe

Sequence

EUB338
NON338
ALF968
BET42aa
GAM42aa
PLA886a
HGC96a
CF319a

GCTGCCTCCCGTAGGAGT
ACTCCTACGGGAGGCAGC
GGTAAGGTTCTGCGCGT
GCCTTCCCACTTCGTTT
GCCTTCCCACATCGTTT
GCCTTGCGACCATACTCCC
TATAGTTACCACCGCCGT
TGGTCCGTGTCTCAGTAC

a

For these probes, a competitor probe was used

% Formamide
35
35
20
35
35
35
25
35

Target group

Source

Most bacteria
Competitor of EUB
Alphaproteobacteria
Betaproteobacteria
Gammaproteobacteria
Planctomycetes
Actinomycetes
Bacteroidetes

Amann et al. (1990)
Wallner et al. (1993)
Neef (1997)
Manz et al. (1996)
Manz et al. (1992)
Neef et al. (1998)
Roller et al. (1994)
Manz et al. (1996)
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used the primers 341f (5’–CCT ACG GGA GGC AGC
AG–3’; Muyzer et al. 1993) and 907r (5’–CCG TCA
ATT CMT TTG AGT TT–3’; Lane et al. 1985). For
DGGE, primer 341f was supplemented with a GC
clamp (5’–CGC CCG CCG CGC CCC GCG CCC GTC
CCG CCG CCC CCG CCC–3’; Muyzer et al. 1995).
One 50 µl PCR reaction contained 5 µl 10 × Taq buffer
(Eppendorf), 5 µl 500 mM dNTP mix (Eppendorf),
0.5 µl of forward primer at 25 pmol µl–1, 0.5 µl of
reverse primer at 25 pmol µl–1, 3 µl 25 mM MgCl2
(Eppendorf), 10 µl 6 mg ml–1 BSA (Sigma), and 0.2 µl
(1 U) Taq polymerase (Eppendorf). The following protocol was used for amplification: 5 min at 95°C; followed by 30 cycles of 1 min 95°C, 1 min at 55°C, and 2
min at 72°C; ending with 15 min at 72°C. PCR fragment lengths were quantified by gel electrophoresis
using standards (Mass Ruler™ DNA Ladder Mix, Fermentas). We did not retrieve PCR products from all
replicates, probably because of the high polyphenol
content in M. spicatum plants, which resulted in variable replicate numbers. Thus, the original sample
number is not always identical to the analyzed sample
number.
DGGE. We performed DGGE in an INGENY PhorU
system. For better comparison of DGGE banding patterns, equal amounts of PCR products (~50 ng) were
loaded onto the gel, and an external standard was
used. DGGE was performed in a 7% (v/v) polyacrylamide gel with a denaturing gradient of 40 to 70%
urea and formamide, and was run at 60°C for 20 h.
Gels were stained with 1× SybrGold (Invitrogen),
washed in deionized water, and documented with an
AlphaImager 2200 Transilluminator (Biozym) under
UV light. Bands were excised from the gel with a sterile scalpel and immediately transferred to a sterile PCR
cup, in which DNA was eluted with sterile water. DNA
was amplified using the primer pair 341f/907r (without
a GC clamp) and conditions as described in ‘Polymerase chain reaction’. DNA was sequenced at 4base
lab (Reutlingen). DGGE gels were analyzed with the
software GelCompar II version 3.5 (Applied Maths).
Cluster analysis was performed with Pearson’s correlation using the unweighted pair group method with
arithmetic mean (UPGMA).
Chemical analyses. We analyzed different plant
parts spectrophotometrically for total phenolic content
(Folin–Ciocalteau assay; Box 1983); anthocyanin (Murray & Hackett 1991); carbon, nitrogen, and phosphorus
(Choi et al. 2002); chlorophyll (chl) a and b (Porra
1990); and, only in Myriophyllum spicatum, for tellimagrandin II by HPLC (Müller et al. 2007). In contrast
to M. spicatum, only about 50% of the Folin-sensitive
compounds in Potamogeton perfoliatus are phenolic
compounds (Choi et al. 2002); thus, for the latter species, the results of the Folin–Ciocalteau assay were

halved to reflect the true total phenolic content. As a
part of our routine sampling, 3 M. spicatum replicates
originating from 3 different stands were measured.
We measured P. perfoliatus plants originating from 1
stand, and thus only 1 measurement for each sampling
date is available. Our long-term data set shows that
plants originating from 1 location usually do not differ
substantially in chemical composition (E. Gross unpubl.
data; see also Choi et al. 2002).
Statistics. To analyze significant differences and
potential interactions between the biofilm community
compositions on the surfaces at different times, we
used 1-way analysis of variance (ANOVA) to compare
differences among all 3 surfaces or between individual
sampling dates. Mann–Whitney rank sum tests were
used to distinguish differences between parts of both
plants, and Pearson correlations were used to investigate continuous seasonal changes for FISH-derived
data (Sigma Stat 3.11, Systat Software). The proportional FISH data were arcsine transformed, and data
for Gammaproteobacteria, Planctomycetes, Actinomycetes, and the Cytophaga-Flavobacter-Bacteroidetes
(CFB) group were additionally x 1/4 transformed to
yield equal variance. To account for the multiple comparisons, we set our level of significance at α = 0.01.
We related both the FISH abundance and DGGE
data separately to plant chemical composition and
environmental conditions with a BEST–ENV analysis
to see which factors best explain the differences between the 2 plant species. A dissimilarity matrix was
calculated based on Bray–Curtis dissimilarity for
square-root-transformed FISH data or a presence/
absence matrix calculated for the DGGE data. A dissimilarity matrix was calculated for standardized environmental data with Euclidean distance. For the plant
chemical composition, we chose tissue nitrogen, carbon, phosphorus, chlorophyll, and total phenolic content, and as environmental factors, we chose water
level, temperature, conductivity, and pH. The data
were normalized to allow a comparison between different units. This means that all data are placed on a
common scale by subtracting the mean of each variable from each value and dividing the product by the
standard deviation. This yields values in the range of
–2 to + 2. The ranks of both matrices were compared by
Spearman rank coefficient (ρ) to find the best match
between them. To provide statistical validation, 999
permutations were carried out.
Furthermore, the DGGE data transformed to a presence/absence matrix were subjected to a non-metric
dimensional scaling (NMDS) analysis, which places
the data in relation to each other based on the similarities between the samples. Samples that are more alike
will be close together, while samples with more dissimilarity will be separated. These analyses were per-
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formed with Primer 6 (Version 6.1.6, Primer E). Analysis of similarity (ANOSIM) for the biofilm community
composition was performed with Primer 6 to estimate
the similarity between different plant parts of Myriophyllum spicatum in 2005 and among surfaces in 2006.
To indicate the degree of separation between groups,
ANOSIM generates a test statistic (R).
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(see next section). At the beginning of the sampling
period, the artificial surfaces were covered with a thin
layer of bacteria and algae; with increasing exposure
time, the artificial surfaces were covered with up to
several layers of the zebra mussel Dreissena polymorpha.

Chemical analyses
RESULTS
Plant C/N/P stoichiometry 2006
Environmental variables and plant condition
The molar C/N ratio in Myriophyllum spicatum
ranged between 13 ± 2 and 32 ± 2 and was highly variable during the season and among the different plant
parts. The C/N ratio formed a gradient from the apices
(lowest) to the lower leaves (highest), and it declined
over the sampling period, from late summer to autumn
(Fig. 1A). The seasonal change was caused by an
increase in the nitrogen content of the plants (in mg
[g dry mass]–1: apices, 19 to 44; middle leaves, 12 to 36;
lower leaves, 7 to 25) and differences in the carbon
content (in mg [g dry mass]–1: apices, 403 to 455; middle leaves, 289 to 437; lower leaves, 201 to 350). The
molar C/N ratio in Potamogeton perfoliatus ranged
from 10 to 27, and was more constant throughout the
season in leaves than in apices (Fig. 1B).
The phosphorus content in Myriophyllum spicatum
was highest in the apices (1.8 to 3.5 mg [g dry mass]–1)
and increased in autumn. The phosphorus content also
increased in the middle and lower leaves in autumn,
and the content was slightly higher in lower leaves
(0.8 ± 0.3 mg [g dry mass]–1, mean ± SD) than in middle
leaves (0.5 ± 0.2 mg [g dry mass]–1; Fig. 1C). The phosphorus contents of the apices and leaves of Potamogeton perfoliatus were similar (0.5 to 1.2 mg [g dry
mass]–1), with higher values in mid-September and at
the end of October in all plant parts (Fig. 1D).
The chlorophyll content of Potamogeton perfoliatus
was slightly higher than that of Myriophyllum spicatum (Fig. 1E,F), with a strong decrease from the beginning of SepTable 2. Environmental variables measured on sampling dates in 2006. Water
tember until the end of the sampling
level was measured by the water gauge at Konstanz Harbor
period. The apices (6 ± 2 mg [g dry
mass–1]) of P. perfoliatus always conSampling
No. sampling Temperature Water level Conductivity pH
tained less chlorophyll than the middate
date
(°C)
(cm)
(µS cm–1)
dle and lower leaves (7 ± 2 and 9 ±
17 July
1
25.5
331
251
8.30
3 mg [g dry mass–1], respectively).
31 July
2
25.6
310
248
8.61
The chlorophyll content in M. spica15 August
3
18.7
324
265
8.53
tum increased in all plant parts over
29 August
4
17.6
321
263
8.27
the sampling period, and was higher
12 September
5
20.0
324
263
8.06
in apices and middle leaves than
22 September
6
18.9
329
274
8.41
in lower leaves (5 ± 1, 6 ± 2, and 4 ±
9 October
7
16.2
322
286
8.01
2 mg [g dry mass–1], respectively;
23 October
8
15.6
292
282
8.23
Fig. 1E).

Environmental conditions changed during the sampling period in 2006 from July to October (Table 2).
The temperature decreased from the beginning
(25.5°C) to the end of the study period (15.6°C) by
about 10°C. The water level on the sampling dates
was more or less constant around 319 cm, with the
maximum 25 cm higher and the minimum 27 cm
lower. Conductivity and pH were also relatively constant (267 ± 14 µS cm–1 and 8.3 ± 0.2, mean ± SD,
respectively).
Throughout the sampling period in 2006, Myriophyllum spicatum shoots were 30 to 45 cm long, with dark
green leaves and typical red stems, and were covered
with a thin, only microscopically visible layer of epiphytic algae and cyanobacteria. M. spicatum lower
leaves had more epiphytes, made visible by the brown
diatoms. Potamogeton perfoliatus shoots were 20 to
50 cm long and had intact, bright green leaves during
summer. The leaves had a calcareous layer on the
upper surface, and both sides were covered with thin
layers of epiphytes. Neither plant species showed
severe signs of grazing. M. spicatum did not show any
sign of senescence throughout the sampling period,
whereas the entire leaf area of P. perfoliatus turned
brown at the end of September and in October because
of senescence. The physiological state of the leaves
was quantified by measuring their chlorophyll content
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P-PO –4– [mg (g dry mass) –1]

C/N (molar ratio)

35

35

30

30

25

25

20

20

15

15

10

10

C

B

Apex
Middle leaf
Lower leaf

D

4

4

2

2

0

0

15

Chl a & b [mg (g dry mass)–1]

A

15

E

12

12

9

9

6

6

3

3

0

F

0
Aug

Sep

Oct

Phenolic compounds
Myriophyllum spicatum had the highest total phenolic content in apices (200 to 250 mg [g dry mass]–1),
followed by middle and lower leaves (67 to 138 and 50
to 70 mg [g dry mass]–1, respectively; Fig. 2A). The
total phenolic content in Potamogeton perfoliatus was
much lower (21 ± 9 mg [g dry mass]–1), and it did not
differ between apices and leaves (Fig. 2B).
The anthocyanin content in Myriophyllum spicatum
was higher in apices (1.5 ± 0.5 mg [g dry mass]–1) than

Aug

Sep

Oct

Fig. 1. Myriophyllum spicatum and Potamogeton perfoliatus. Chemical parameters
of M. spicatum (A,C,E) and
P. perfoliatus (B,D,F). (A,B)
C/N ratio; (C,D) phosphorus
content; (E,F) chl a and b
content. n = 3, mean ± SD

in both leaf sections (0.6 ± 0.3 mg [g dry mass]–1;
Fig. 2C), while in Potamogeton perfoliatus the anthocyanin contents of all plant parts were similar (average
0.3 ± 0.07 mg [g dry mass]–1), and no seasonal variation
was observed (Fig. 2D).
The major hydrolyzable polyphenol tellimagrandin
II in Myriophyllum spicatum exhibited the highest concentration in apices (30 to 70 mg [g dry mass]–1) followed by both leaf sections (2 to 20 mg [g dry mass]–1;
Fig. 2E). Tellimagrandin II is not present in Potamogeton perfoliatus.
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TPC [mg (g dry mass) –1]

A

B

300

300

200

200

100

100

0

0
3

3

Anthocyanin [mg (g dry mass) –1]

Apex
Middle leaf
Lower leaf

C

D

2

2

1

1

0

0

Tellimagrandin II [mg (g dry mass)–1]

Aug

Sep

Oct

E
60

40

20

0
Aug

Sep

Oct

Total bacterial cell counts
We did not observe any significant influence of plant
age or sampling time on the total bacterial cell counts
on Myriophyllum spicatum (2-way ANOVA, time ×
plant part, F = 0.79, p = 0.66). Cell counts on the apices
(average cell counts on all sampling dates: 0.63 ± 0.24 ×
106 cells cm–2, mean ± 1 SEM) were similar to those on
middle leaves (0.66 ± 0.06 × 106 cells cm–2), and both
were slightly lower than those on lower leaves (1.00 ±
0.11 × 106 cells cm–2). Towards autumn, total bacterial

Fig. 2. Myriophyllum spicatum and Potamogeton perfoliatus. Concentration of phenolic compounds in M. spicatum (A,C,E)
and P. perfoliatus (B,D). (A,B) total phenolic
content (TPC); (C,D) anthocyanin content;
(E) tellimagrandin II content (not present in
P. perfoliatus). n = 3, mean ± SD

cell counts on the lower leaves slightly increased
(Fig. 3A). Total bacterial cell counts on the different
plant parts of Potamogeton perfoliatus were similar
throughout the sampling period (apex: 0.43 ± 0.12 × 106,
middle leaves: 0.20 ± 0.04 × 106; lower leaves: 0.28 ±
0.05 × 106 cells cm–2, 2-way ANOVA, time × plant part,
F = 0.59, p = 0.84; Fig. 3B). At the end of the sampling
period, artificial surfaces had about 13-fold higher bacterial cell counts than at the beginning (from 0.36 ±
0.01 × 106 to 4.79 ± 1.67 × 106 cells cm–2). The bacterial
cell counts were higher on the artificial surface (1.78 ±

86

Aquat Microb Ecol 58: 79–94, 2009

Fig. 3. Myriophyllum spicatum and Potamogeton perfoliatus. Total bacterial cell counts on all substrates during the sampling period.
(A) M. spicatum; (B) P. perfoliatus; (C) artificial substrate. Note that the y-axis in (C) has a different scale. n = 3, mean ± SEM

0.57 × 106 cells cm–2) than on both macrophytes throughout the sampling period (Fig. 3C). The bacterial cell
counts on P. perfoliatus were lower on middle and
lower leaves than those on middle and lower plant parts
on M. spicatum (Mann–Whitney rank sum test, middle
and lower leaves, both p < 0.001).

Bacterial community composition
We assessed the bacterial community composition
by FISH. The bacterial counts were usually > 50% of
the DAPI counts (65% of DAPI counts ± 16, mean ± SD,
for all dates and surfaces).

Spatial and temporal variability on different surfaces
The biofilm community composition on Myriophyllum
spicatum did not differ much between sampling dates or
plant parts (Fig. 4A,C,E). Members of the CFB group and
Betaproteobacteria often were the most abundant bacterial groups on the macrophytes and ranged between 0
and 75% and 3 and 58% of the DAPI counts, respectively. In a few cases, no CFB bacteria were detected,
which may have been caused by the low hybridization
efficiency of < 50% of this probe (see Fig. 4).
The apices of Myriophyllum spicatum had the highest percentage of CFB bacteria (32 ± 17% of DAPI
counts, mean ± SD), followed by the middle (16 ± 12%
of DAPI counts) and lower leaves (15 ± 10% of DAPI
counts), but with no statistical significance (1-way
ANOVA, p = 0.763). The percentage of Alphaproteobacteria increased on the apices from late summer
to autumn (from 2 to 43% of DAPI counts, Pearson cor-

relation p < 0.01), stayed more or less constant on middle leaves (18 ± 7% of DAPI counts, Pearson correlation p = 0.761), and decreased on the lower leaves
(from 46 to 10% of DAPI counts, Pearson correlation
p = 0.0155). Planctomycetes and Actinomycetes together accounted for 13% of the DAPI counts.
On Potamogeton perfoliatus, the differences in biofilm community composition between different plant
parts were even less pronounced (Fig. 4B,D,F). The
percentage of Betaproteobacteria on the leaves doubled from July (13 ± 9% of DAPI counts) to September
(52 ± 5% of DAPI counts: 1-way ANOVA, df = 6, F =
6.25, p < 0.001, Holm-Sidak post hoc test p < 0.005 for
comparisons between July and September). Members
of the CFB group made up the largest portion of all
detected bacteria on all P. perfoliatus plant parts (10 to
50% of DAPI counts, Fig. 4B, D, F). In general, the percentage of CFB bacteria on all plant parts declined
towards autumn, with an intermediate peak in midAugust (54 ± 21% of DAPI counts), but this development was not significant (Pearson correlation p = 0.77).
The percentage of Alphaproteobacteria ranged from 8
to 27% of DAPI counts on all plant parts, and there was
no seasonal trend (1-way ANOVA, F = 2.66, p > 0.01).
The biofilm on artificial surfaces was dominated by Alphaproteobacteria (23 ± 10% of DAPI counts), members
of the CFB group (16 ± 10% of DAPI counts), and
Betaproteobacteria (8% of DAPI counts, Fig. 4G).
Gammaproteobacteria, Planctomycetes, and Actinomycetes together accounted for up to 10% of the biofilm
community. There was no seasonal trend for any bacterial group on this surface (Pearson correlation: Alphaproteobacteria p = 0.037, Betaproteobacteria p = 0.66,
Gammaproteobacteria p = 0.22, Planctomycetes p =
0.331, Actinomycetes p = 0.58, CFB group p = 0.953).
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The biofilm on Potamogeton perfoliatus
had a much higher percentage of Betaproteobacteria than that on Myriophyllum
spicatum and artificial surfaces (17 ± 8%
of DAPI counts for M. spicatum, 31 ± 12%
for P. perfoliatus, and 7 ± 8% for artificial
surfaces; 1-way ANOVA, Holm-Sidak post
hoc test p < 0.0001 for both comparisons).
The percentage of Gammaproteobacteria on Potamogeton perfoliatus was higher
than on Myriophyllum spicatum on every
plant part (19 ± 10% and 9 ± 4% of DAPI
counts, respectively; Mann–Whitney rank
sum test p < 0.001). The biofilm on the
artificial surfaces contained Gammaproteobacteria on all sampling dates, but
the percentages varied (1 to 11% of DAPI
counts). The percentage of CFB bacteria
and Alphaproteobacteria on the 2 plant
species did not differ, irrespective of the
plant part, and were also similar to that
found on artificial surfaces (16 to 20% of
DAPI counts; Alphaproteobacteria: t-test
p = 0.56; CFB: Mann–Whitney rank sum
test p = 0.41). The percentage of Actinomycetes was low, but they were always
present on all surfaces, ranging between 1
and 22% of DAPI counts (surface: 1-way
ANOVA on ranks, post hoc Dunn’s
method, F = 8.34, p = 0.015; plant age:
1-way ANOVA on ranks, post hoc Dunn’s
method, F = 0.98, p = 0.612). The percentage of Planctomycetes on M. spicatum
apices was as high as 29% of DAPI counts,
but Planctomycetes were also lacking
in some samples. Planctomycetes were
mostly absent on P. perfoliatus throughout
the sampling period; low but constant
percentages were found on the artificial
surfaces.

Effect of plant chemical composition and
environmental factors on the biofilm
community composition

20
0
Aug

Sep

Oct

Fig. 4. Myriophyllum spicatum and Potamogeton perfoliatus. Biofilm community composition on M. spicatum, P. perfoliatus, and artificial substrates. (A)
M. spicatum apex; (B) P. perfoliatus apex; (C) M. spicatum middle leaf; (D)
P. perfoliatus middle leaf; (E) M. spicatum lower leaf; (F) P. perfoliatus lower
leaf; (G) artificial substrate. n = 3. SD ranged between 7 and 135% but has
not been displayed for clarity

We performed a BEST–ENV analysis to
elucidate the major factors influencing
the biofilm community composition. The
analysis indicated that of all plant chemical
composition parameters measured, only the
carbon and total phenolic contents marginally explained the variation in the commu-
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and October, however, some replicates diverged. Based
on ANOSIM, the biofilm community composition on
apices and leaves showed a slight but significant separation in July and October (R = 0.356 and 0.333, p =
0.003 and 0.005, respectively), while differences in
August were not significant (R = 0.165, p = 0.092).
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Fig. 5. Myriophyllum spicatum and Potamogeton perfoliatus.
NMDS plot of FISH abundance data based on a Bray–Curtis
dissimilarity matrix. Open symbols: M. spicatum; filled symbols: P. perfoliatus. Sampling date numbers are listed in Table 2

nity compositions on the biofilms of the 2 plant species
(ρ = 0.175, p = 0.1, n = 42). The environmental factors
water level and conductivity explained most of the
variability (ρ = 0.33, p = 0.002, n = 42). When both plant
chemical composition and environmental variables were
considered, the major predictors were carbon content,
total phenolic content, water temperature, water level,
conductivity, and pH, and the correlation coefficient
increased (ρ = 0.354, p = 0.009). To compare the biofilm
community composition on the artificial surfaces to those
on the plants, we carried out the BEST–ENV analysis
only with environmental variables. Here, conductivity
explained most of the variability in the biofilm community composition (ρ = 0.217, p = 0.002, n = 49).
Despite these differences, the overall biofilm community composition did not differ much depending on
surface, plant part, or season, as indicated by NMDS
analysis (Fig. 5). Slight changes occurred with season,
especially at the beginning of the sampling period.

Denaturing gradient gel electrophoresis
Biofilm community composition on apices and leaves
of Myriophyllum spicatum (summer 2005)
The DGGE banding pattern on apices and leaves of
Myriophyllum spicatum differed slightly on all sampling dates (Figs. 6 & S1, available as Supplementary Material at www.int-res.com/articles/suppl/
a058p079_app.pdf). NMDS showed a stronger separation in July and October than in August. In both July

In summer 2006, DGGE banding patterns revealed
that the bacterial biofilm on Myriophyllum spicatum
apices differed from that on Potamogeton perfoliatus
apices and the artificial surface (Fig. 7A). Most of the P.
perfoliatus apex and artificial surface samples clustered together, whereas apex samples of M. spicatum
formed a distinct cluster, except the sample from the
end of August. The biofilm community compositions
on the leaves of both macrophytes and the artificial
surfaces were similar (Fig. 7B), and we observed no
succession in the community composition on apices,
leaves, or artificial surfaces. The 2 macrophytes did not
differ significantly when the biofilm community composition of apices (Fig. 7C) and leaves (Fig. 7D) were
compared (ANOSIM based on NMDS plots; R = 0.105
and –0.227, p = 0.021 and 0.99, respectively.)

Sequencing of single DGGE bands
DGGE bands excised from the gels were re-amplified and sequenced. We analyzed 14 bands of the
apices (Fig. S2A available as Supplementary Material
at www.int-res.com/articles/suppl/a058p079_app.pdf)
with BLAST (Altschul et al. 1990). Most of the retrieved
sequences belonged to Betaproteobacteria (50%) and
Gammaproteobacteria (21%), and the rest (29%) could
only be assigned to the domain Bacteria (Table 3). The
closest relatives based on a BLAST search were from
soil or freshwater habitats, and the sequences were
mostly unpublished. We analyzed 16 bands of the
leaves; 4% belonged to the Gammaproteobacteria, 6%
each to the Actinobacteria, Betaproteobacteria, cyanobacteria, and chloroplasts, and the remainder (50%)
could only be assigned to the domain Bacteria (Table 3,
Fig. S2B). These sequences were similar mostly to
those from other freshwater studies (Besemer et al.
2007, Edlund & Jansson 2008).

Effect of plant chemical composition and environmental
factors on the biofilm community composition
We performed a separate BEST–ENV analysis for
leaves and apices of both plants to elucidate the major
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factors influencing the biofilm community composition as determined by DGGE. The highest
correlation coefficient (ρ) was achieved for the
carbon and phosphorus contents of the apices,
which did not result in significant effects owing
to the low replicate numbers (ρ = 0.249, p >
0.16, n = 13). The same was true for the environmental factors water level and conductivity
(ρ = 0.140, p = 0.27, n = 13).
We performed the same analyses for the leaf
sections. The plant chemical composition did
not explain the variability of our samples
(ρ = 0.076, p = 0.95). Of all environmental factors, conductivity explained most of the variability (ρ = 0.383, p = 0.026). This correlation
was not improved when all environmental factors were combined with plant chlorophyll content (ρ = 0.378; p = 0.059).
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Cluster analysis of DGGE banding patterns of samples in 2005.
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Fig. 7. Myriophyllum spicatum and Potamogeton perfoliatus. Cluster
analysis of DGGE banding patterns of the heterotrophic biofilm community on M. spicatum (MS), P. perfoliatus (PP), and artificial substrates
(Art) in 2006. (A) Apices of both plant species compared to artificial
substrates; (B) lower leaves of both plant species compared to artificial
substrate. (C, D) NMDS analysis of DGGE banding patterns of M. spicatum (open circles) and P. perfoliatus (filled inverted triangles) in 2006;
(C) apex; (D) leaves. Numbers given indicate the sampling date (see
Table 2)

DISCUSSION
Total bacterial cell counts
Submerged macrophytes greatly increase the
attachment area for organisms in littoral habitats (Jeppesen et al. 1998). The relationship
between plant surface and biomass varies substantially, both intra- and interspecifically
(Sher-Kaul et al. 1995). We therefore precisely
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Table 3. Myriophyllum spicatum and Potamogeton perfoliatus. Results of BLAST analysis of 16S rRNA gene sequences obtained from excised
DGGE bands from the biofilm of the substrate. Numbers in the first column indicate the bands excised from the gels shown in Fig. S2A
(apices) and S2B (leaves) (available as Supplementary Material at www.int-res.com/articles/suppl/a058p079_app.pdf); accession numbers
are given in parentheses. Identical source names represent identical studies
Substrate

Most similar to (% identity)

Accession no.

Source

Myriophyllum spicatum apex
Betaproteobacteria
20 (FJ652085) Uncultured Ideonella sp. clone GASP–MA2S1_A04 (98)
4 (FJ652077)
Uncultured betaproteobacterium clone CH_02 (97)
12 (FJ652084) Uncultured Ideonella sp. clone GASP–MA2S1_A04 (97)
5 (FJ652081)
Uncultured Rubrivivax sp. clone GASP–WDOW1_D03 (97)

EF662829
EF562573
EF662829
EF075729

Bacterial soil communities in Michigan
Complex organic matter degradation
Bacterial soil communities in Michigan
Soil in pasture and cropping systems

Other bacteria
Uncultured bacterium clone 164ds20 (100)
Uncultured bacterium clone 164ds20 (93)

AY212616
AY212616

Equine fecal contamination
Equine fecal contamination

EF205477
EU015116
EF205477

Geothermal regions in central Tibet
Estrogen-degrading membrane bioreactors
Geothermal regions in central Tibet

18 (FJ652082)
8 (FJ652079)

M. spicatum leaves
Other bacteria
6 (FJ652089)
Uncultured bacterium clone YCC126 (95)
12 (FJ652098) Uncultured bacterium clone M1–53 (96)
23 (FJ652086) Uncultured bacterium clone YCC126 (95)
13 (FJ652097)

Betaproteobacteria
Hydrogenophaga taeniospiralis clone SE57 (94)

AY771764

Arctic

7 (FJ652101)

Actinomycetes
Uncultured actinobacterium clone IRD18A09 (96)

AY947900

River bacterioplankton

21 (FJ652087)

Cyanobacteria
Uncultured cyanobacterium clone RD107 (96)

EF667915
EU375653

Basal metazoan Hydra
Organic pollutants degradation

Potamogeton perfoliatus apex
Betaproteobacteria
19 (FJ652080) Uncultured Burkholderiales clone Hv(lab)_2.15 (99)
16 (FJ652073) Methylophilus sp. U33 (98)
10 (FJ652078)
1 (FJ652076)

Gammaproteobacteria
Clonothrix fusca strain AW–b (93)
Methylomonas methanica clone VAS23 (72)

DQ984190
AM489704

Clonothrix fusca Roze, 1896
Baltic Sea sediments

11 (FJ652075)

Other bacteria
Uncultured bacterium clone MA34_2003DFa_B05 (90)

EF378328

Agricultural soil community

DQ984190
DQ984190
EU372903
DQ984190

Clonothrix fusca Roze, 1896
Clonothrix fusca Roze, 1896
China sea
Clonothrix fusca Roze, 1896

P. perfoliatus leaves
Gammaproteobacteria
3 (FJ652091)
Clonothrix fusca strain AW–b (93)
4 (FJ652093)
Clonothrix fusca strain AW–b (92)
9 (FJ652090)
Acinetobacter sp. Hg4–05 16S (99)
17 (FJ652092) Clonothrix fusca strain AW–b (93)
20 (FJ652095)
15 (FJ652096)
26 (FJ652100)
27 (FJ652099)

Other bacteria
Uncultured bacterium clone cams48–2 (95)
Uncultured bacterium clone cams48–2 (95)
Uncultured bacterium clone M1–53 (88)
Uncultured bacterium isolate DGGE gel band out_1 (84)

AY544224
AY544224
EU015116
EF396239

Lake Constance M. spicatum
Lake Constance M. spicatum
Estrogen-degrading membrane bioreactors
Stream biofilm

2 (FJ652088)

Chloroplasts
Calycanthus floridus chloroplast (94)

DQ629462

Calycanthus

EU375662
EU375662

Organic pollutant degradation
Organic pollutant degradation

EF208596

Daggyai Tso geothermal field of Tibet

Artificial substrate
Betaproteobacteria
15 (FJ652074) Ralstonia sp. JB1B3 (100)
8 (FJ652094)
Ralstonia sp. JB1B3 (99)
3 (FJ652083)

Other bacteria
Uncultured bacterium isolate DGGE gel band D2/3_1 (98)
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measured by image analysis each leaf analyzed for
bacterial biofilm composition. Younger and older
leaves have distinct surface-to-biomass ratios that differ by a factor of 2, especially in Myriophyllum spicatum (Hempel et al. 2008).
Total bacterial cell counts were highest on the artificial surfaces, probably caused by the high settlement
of Dreissena polymorpha and the related deposition of
pseudofeces (Stewart et al. 1998) after 1 mo of exposure. The counts increased on all surfaces towards
autumn. On the plants, this increase might be a consequence of leaching from senescing plants (Huss Wehr
2004, Farjalla et al. 2009).
Bacterial densities on the macrophytes in 2006 were
constant and similar to those in 2005 (1.3–1.7 × 106 cells
cm–2; M. Hempel unpubl. data), but compared to similar studies (Hossell & Baker 1979, Hong et al. 1999,
Olapade & Leff 2006), the bacterial cell numbers on
plants and artificial surfaces in the present study were
low. The higher bacterial cell numbers on Myriophyllum spicatum than on Potamogeton perfoliatus in our
study might be accounted for by the higher surfaceto-volume ratio and the whorl-like structure of M. spicatum leaves, which promotes the settling of algal
epiphytes (Lalonde & Downing 1991). M. spicatum
releases allelochemically active polyphenols and other
organic compounds (Gross et al. 1996, Gross 2003),
and tellimagrandin II is easily degraded to a sugar moiety and gallic acid, which are good substrates for some
microorganisms (Müller et al. 2007). Whether antibacterial compounds found in P. perfoliatus (Bushmann &
Ailstock 2006) affect bacteria at ecologically relevant
concentrations remains open.

Bacterial community composition
With DGGE and to some extent FISH, we found a
distinct bacterial community composition on Myriophyllum spicatum apices that differed from that on
leaves in 2005, and differed from that on Potamogeton
perfoliatus and on the artificial surfaces in 2006.
We selected probes for different bacterial groups
based on results of related field studies (Brümmer et al.
2000, Schweitzer et al. 2001). In most of our samples, the
sum of bacterial cells detected by all probes accounted
for >100% of those detected by the EUB probe. For better detection of bacteria, other authors have used a mixture of different EUB probes (EUB I–III), which also
detect Planctomycetes (Daims et al. 1999). Since the
numbers of Planctomycetes in the present study were
very low, it is unlikely that the use of the EUB I–III mixture would have resulted in higher EUB counts. We also
used a probe for Archaea (Arch915) on Myriophyllum
spicatum leaves, but only found a few scattered signals.
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The CFB group was the most dominant bacterial
group on all surfaces, and these results were obtained
even though the CFB probe used might be of low
quality (Loy et al. 2003). This group is frequently
found on biofilms in high abundance. The high abundance of members of the CFB group on our surfaces
might be due to the presence of complex organic
compounds, such as allelochemicals released by the
plants or compounds recycled within the biofilm.
Members of the CFB group, and also Betaproteobacteria, are believed to degrade high-molecular-weight
dissolved organic matter (Kirchman 2002). Irrespective of any methodological restrictions, our FISH data
indicated that differences in biofilm community composition were mainly due to differences in the percentages of Beta-, Alpha-, and Gammaproteobacteria.
The high numbers of Gammaproteobacteria found
on Potamogeton perfoliatus in autumn might be
explained by a higher nutrient availability at the end
of the vegetation period, when plants are more senescent and nutrient leakage is enhanced. Myriophyllum
spicatum does not decline so early during the vegetation period, and the nutrient leakage in autumn is
therefore probably lower than in P. perfoliatus, as
indicated by the increased nitrogen and phosphorus
contents of M. spicatum in autumn (Fig. 1). Overall,
the biofilm community composition found on all surfaces in the present study is similar to that found on
lake snow particles in Lake Constance (Weiss et al.
1996, Schweitzer et al. 2001).
In general, the biofilm community composition,
especially Alphaproteobacteria, displayed a higher
spatio–temporal variability on Myriophyllum spicatum
than on Potamogeton perfoliatus. The chemical gradients from apices to leaves in M. spicatum were also
pronounced, especially that of phenolic compounds,
nitrogen, and phosphorus, whereas the chemical composition of P. perfoliatus did not display such a spatial
or temporal heterogeneity (Figs. 1 & 2). For example,
the apices of M. spicatum contained higher amounts of
anthocyanins than older leaves, as has also been
observed for terrestrial plants (Gould 2004). In general,
the differences in the content of phenolic compounds
between the apices and leaves of M. spicatum decreased towards autumn and were most pronounced
in summer (Fig. 2C). Freshwater M. spicatum apices
also exhibited a distinct community composition when
compared to other freshwater and brackish water
plants (Hempel et al. 2008), which might also be
related to higher phenolic content. The spatial differences in the biofilm community composition were confirmed by DGGE analysis of the same data set, which
demonstrated that especially the biofilm community
composition of M. spicatum apices differed from that
on M. spicatum leaves, P. perfoliatus apices and leaves,
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and artificial surfaces. Betaproteobacteria were more
abundant in the biofilm of P. perfoliatus, especially
in autumn. Betaproteobacteria have been shown to
degrade a variety of organic molecules (Cottrell &
Kirchman 2000). The sequences obtained from the
DGGE bands showed that Betaproteobacteria, e.g.
Ralstonia sp., which are capable of polyphenol degradation, were present (Steinle et al. 1998, Ryan et al.
2007).
Some sequenced DGGE bands from Myriophyllum
spicatum and Potamogeton perfoliatus are of special
interest. Bands corresponding to 2 Gammaproteobacteria, viz. Acinetobacter sp. and Clonothrix fusca, were
found. Acinetobacter sp. forms polyphosphates (Kortstee et al. 1994) and C. fusca is a sheathed methanotroph that often occurs in biofilms of running waters
(Vigliotta et al. 2007), which might indicate the presence of methane in the biofilm of the macrophytes.
Methane can be transported through the lacunar system from the roots to the leaves in many aquatic plants,
and this mechanism supports methane oxidation by
epiphytic bacteria (Schuette 1996, Heilman & Carlton
2001). Other sequences were affiliated with methylotrophic bacteria. Polymer-degrading bacteria and
methylotrophs have also been found in a study on
macrophytes in fresh, brackish, and marine waters
(Crump & Koch 2008). These results indicate that the
biofilm community on M. spicatum and P. perfoliatus is
well adapted to organic compounds, such as polyphenols and/or methane, released by the plant. The majority of 16S rRNA gene sequences in the BLAST database is closely related to the macrophyte biofilm
sequences; however, as they belong to yet uncultured
strains, they do not allow hypotheses on their ecosystem functions.
Water level and conductivity were the strongest predictors of the biofilm community composition as shown
by our BEST–ENV analyses of environmental variables, plant chemical composition, and the biofilm
community composition based on FISH data. Tissue
carbon and, in contrast to our predictions, total phenolic content of plants did not explain much of the variation, but together with all environmental variables
yielded the highest correlation coefficient. When this
analysis was carried out with the DGGE data set, the
changes in the biofilm community composition on the
apices were neither affected by phosphorus and carbon content nor by conductivity. The community composition on the leaves, however, was influenced by
conductivity. It is possible that conductivity is more
important for biofilm community composition closer to
the ground, where frequent sediment resuspension or
local water currents and seepage exert a stronger
impact on the biofilm community composition. In studies on free-living bacteria, an effect of pH, conductiv-

ity, and temperature on the biofilm community composition has also been found (Lindström et al. 2005, Allgaier & Grossart 2006). Additional factors that might
affect the biofilm community composition on macrophytes are leaf structure, surface-to-biomass ratio,
grazing, and nutrient availability (Lalonde & Downing
1991, Jürgens & Matz 2002). However, we did not find
such distinct differences on the leaves of either plant
species as on the apices. In accordance with our FISH
analyses, we suggest that the community compositions
of older biofilms on leaves of different plants species
are more similar than are the community compositions
of younger biofilms on leaves and on apices of the
same plant species.
The DGGE sequences were mainly affiliated to bacterial species originating in various limnetic habitats,
which suggested that, like many other freshwater bacteria (Lindström et al. 2005), these species are widely
distributed among habitats (lakes, rivers, sewage).
However, the relatively high number of sequences
affiliated to bacterial species usually associated with
agricultural soil indicates that some biofilm bacteria
arose from a terrestrial source. At our sampling site
near the Island of Reichenau, which is intensively used
for agriculture, these bacteria might originate from the
run-off of lake water used for irrigation back into the
lake.
The present study showed that the bacterial biofilm
community on an artificial surface and on 2 common
freshwater macrophytes consisted of all major bacterial groups as determined by FISH. Only the abundance
of these groups varied depending on time, plant species, and plant age. DGGE analyses revealed slight differences between apices of Myriophyllum spicatum
and those of Potamogeton perfoliatus and the artificial
surface. In general, the bacterial biofilm community on
all surfaces was very similar. Although the environmental conditions were more or less stable (Table 2),
they were stronger predictors of the bacterial community composition than the plant chemical composition,
which differed significantly between both macrophytes, based on a BEST–ENV analysis. The slight but
distinct spatial variance of the biofilm community composition on M. spicatum is most likely affected by differences in polyphenol content between the apices and
other plant parts. These differences might reflect specific bacterial functions in the biofilm on this allelochemically active submerged macrophyte. Polyphenol-degrading bacteria might contribute only a small
portion to the total community but still could be important for interactions within the biofilm and between the
plant and other eukaryotes. Therefore, the quantitative
and qualitative importance of polyphenol-degrading
bacteria on M. spicatum is the subject of our ongoing
research.
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