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Abstract

The hydrophilic and hydrophobic properties of single cells of natural bacterioplankton communities were determined using a

recently developed staining method combined with confocal laser scanning microscopy and advanced image analysis. On an aver-

age, about 50% of the bacterial cell area was covered by hydrophobic and only 16% by hydrophilic properties, while about 72% was

covered by the genome. However, the size of these properties was independent of the bacterial cell size. Bacterial hydrophobicity was

positively correlated with ambient NHþ
4 concentrations and negatively correlated with overall bacterial abundance. The expression

of hydrophilicity was more dynamic. Over the spring phytoplankton bloom, the bacterioplankton ratiophil/phob repeatedly reached

highest values shortly before peaks in bacterioplankton abundance were observed, indicating a direct and fast response of bacterial

surface properties, especially hydrophilicity, to changing environmental conditions. Compared to bacterial strains, recently studied

with the same method, cells of marine bacterioplankton communities are much smaller and less frequently covered by hydrophobic

or hydrophilic properties. While the percentage area covered by the genome is essentially the same, the percentage area covered by

hydrophobic or hydrophilic properties is much smaller.

� 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Most actively growing and intact bacterioplankton

cells exhibit a capsule as an outermost cell border [1,2]
enlarging the surface and contact area of the bacterial

cell with the surrounding nutrient field. The capsule con-

sists of highly hydrated polysaccharides, polyalcohols

and amino acid polymers surrounding the bacterial cell

in the form of colloidal fibrils, as a slime layer or as a

compact glycocalyx [3,4]. The capsule can have posi-

tively charged amino groups, negatively charged phos-
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phate or carboxyl groups, acidic mucopolysaccharides

and neutral monosaccharides like fucose or ribose [5].

In nature, the capsule of a bacterium changes quantita-

tively and qualitatively with its life stage [2,3]. For mar-
ine bacterioplankton communities, capsular production

has been found highest during the exponential growth

phase while in the stationary phase, polysaccharides at-

tached to the outer cell surface are rapidly lost to the dis-

solved organic matter pool [2]. Therefore, in nature,

bacterial capsular expression is linked to the environ-

mental conditions such as nutrient availability.

Contradicting results are reported concerning the sur-
face properties of the bacterial capsule. Hydrophobicity

correlated with starvation and in nutrient-rich medium
. Published by Elsevier B.V. All rights reserved.
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hydrophilicity were high [6]. In one study, strains with-

out capsules were more hydrophilic [7], and in another,

most electro-negative cells were capsulated [8]. Hydro-

philic capsules were detected during exponential growth,

however, if de-capsulated, the cells became hydrophobic

[9]. Stenström and Kjelleberg [10] observed a linear rela-
tionship between high hydrophobicity and the number

of fimbriated cells. These fimbriated cells also exhibited

a higher negative as well as positive surface charge as

compared to non-fimbriated cells [10]. Reports on bacte-

rial surface charge frequently do not report whether bac-

terial capsules are present. Additionally, intensive

sample manipulation may lead to a loss of the bacterial

capsule.
Contradicting reports exist not only on the surface

properties of the bacterial capsule but also of those of

the bacterial cell wall. Hydrophobic surfaces were de-

tected by Malmqvist [11], van Loodsrecht et al. [12]

and Monger et al. [13]. All these studies report increas-

ing hydrophobicity with increasing nutrient concentra-

tions or activity. In contrast, increased nutrient

availability was also related to more hydrophilic sur-
faces [14] and increased hydrophobicity was shown to

be starvation-induced [15,16]. Varying nutrient concen-

trations are probably one of the key factors for changes

in bacterial surface properties.

In a recent study using selected marine bacterial

strains, we could distinguish two distinct groups of bac-

teria [17]. One bacterial group exhibited enhanced over-

all hydrophobicity, high growth rates and, at the same
time, increasing hydrophobicity and hydrophilicity

when growing in batch cultures. The other group was

less hydrophobic, slow-growing and surface properties

did not increase steadily but showed two distinct peaks

in the ratio of hydrophilic to hydrophobic properties,

one in the early and the other one in the late stationary

phase.

Essentially, all studies on hydrophobicity of bacteria
report interspecific differences [17] and differences were

even noticed between individual strains of the same spe-

cies [18]. Unfortunately, the results obtained with differ-

ent methods to determine hydrophobicity cannot be

easily compared. Common techniques to measure over-

all bacterial surface charge are likely to partially dam-

age, remove, or at least, alter the delicate

polysaccharide capsule and the outermost cell wall due
to the intensive manipulations required prior to analysis

[19].

In this study, we apply a recently developed [17] non-

destructive, minimally manipulative cell surface analysis

technique to quantify the hydrophobic and hydrophilic

properties of individual cells from coastal bacterio-

plankton communities. The changes in cell surface prop-

erties were monitored and related to changes in ambient
nutrient concentrations, phytoplankton abundance and

the development of the bloom. The main goal of this
study was therefore to determine the dynamics in hydro-

phobic and hydrophilic properties in a natural bacterio-

plankton community during the wax and wane of a

phytoplankton bloom. Since bacteria represent the

world�s largest living surface, information on bacterial

surface properties is essential to elucidate the interaction
of bacteria with their environment.
2. Materials and methods

2.1. Sampling of natural bacterioplankton communities

and supplementary parameters

Seawater from the coastal North Sea was taken with

rinsed (0.1 N HCl) 20 l carboys from the NIOZ jetty, lo-

cated at the south-west entrance of the North Sea to the

Dutch Wadden Sea and characterized by strong tidal

currents. Samples were taken at high tide to obtain

North Sea water about twice a week between the end

of March and early June 2001. Immediately after sample

collection, duplicate 5 ml samples were filtered onto 0.2
lm Anodisc filters and subjected to the staining protocol

described under Chapter 2.2 to determine the hydropho-

bic and hydrophilic moieties of the surface of individual

cells of the bacterioplankton community. Additional

samples were taken for chlorophyll a determination

and inorganic nutrient analyses.

2.2. Sample preparation to quantify the hydrophobic and

hydrophilic parts of the bacterial cell surface

Detection of the hydrophobic and hydrophilic parts

of the bacterial cell surface was performed by applying

a mixture of three fluorescent dyes to the filtered sample

and subsequent confocal laser scanning microscopy

(CLSM, Zeiss 510). As a polar tracer, Alexa Fluor 594

(Molecular Probes, A-10442) as a hydrophobic tracer,
Dil C18(5) oil (25% stock solution, Molecular Probes,

D-3070) in dimethylformamide and for the detection

of the bacterial genome PicoGreen (Molecular Probes,

P-7581) was used, a fluorescent stain mainly binding to

double-stranded DNA. All three stains were stored fro-

zen in small quantities (�20 �C) and light exposure was

avoided during handling. Prior to staining the samples,

the stock solutions of the stains were brought to room
temperature. Per filtered sample, a working solution of

300 ll distilled water with 1.5 ll of each of the stock

solutions of the three stains was prepared and thor-

oughly mixed. Ten millilitres of the unfixed samples

was filtered onto 0.2 lm Anodisc membrane filters

(Whatman, 25 mm diameter), rinsed with 0.5 ml of dis-

tilled water and after staining in the dark with the dye

solution for 15 min, rinsed again twice with 0.5 ml of
distilled water. The filter was transferred onto a glass

slide, embedded in immersion oil (Citifluor, AF1) and
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covered with a coverslip. Immediately thereafter, the

sample was examined under the CLSM. Multitrack laser

scanning (frame mode) to avoid fluorescence overlap-

ping and a PlanNeofluar 100 · 1.3 oil objective were

used for image acquisition. For the detection of genome

containing cells (PicoGreen: Ex/Em: 502/523 nm), an
Argon laser (488 nm) equipped with a BP 505–530 filter

was used. For Alexa Fluor 594 (Ex/Em: 588/613 nm),

the HeliumNeon-1 laser (543 nm) and BP 585–615 filter

and for Dil C18(5) (Ex/Em: 644/665 nm), the HeliumN-

eon-2 laser (633 nm) and LP 650 were applied. Detector

gain, amplitude gain and amplitude offset were adjusted

only once for the whole sampling period. Thereafter,

only the laser intensities were re-adjusted for each image
to ensure that the gray-scale of the images never ex-

ceeded 256 (image depth: 8 Bit). During the course of

the analysis, the laser intensities were standardized reg-

ularly as described below.

2.3. Image analysis

For a detailed description of the image analysis pro-
tocol, the reader is referred to Stoderegger and Herndl

[17]. For image analysis, the Zeiss KS 300 software

package was applied. On the composite three-channel

image, the area of each individual bacterial cell was

determined and subsequently, the threshold levels for

the three channels were adjusted separately for this area.

The images were checked for detected cells and eventu-

ally corrected by excluding or adding cells originally not
detected by the channel settings. The total area as well as

the partial area and its mean fluorescence intensity for

each of the three channels were determined. The mean

fluorescence intensity of the specific stain represents

the average fluorescence per specific area normalized

to 100% laser intensity. Per sample, 15 images (10–30

bacteria per image) were taken in total.

The hydrophobic and hydrophilic properties of indi-
vidual cells are expressed as INDprop. This index relates

the area to the mean fluorescence intensity of the hydro-

phobic or hydrophilic properties and was calculated sep-

arately for each property, where prop stands for

hydrophilic or hydrophobic property of the individual

bacterial cell. INDprop was calculated as follows:

INDprop ¼ ðDprop=Dprop;aveÞ �ARprop; ð1Þ
where Dprop and ARprop are the mean fluorescence

intensity and the specific area (expressed as percentage

of total area) of the individual cell, respectively, and

Dprop,ave is the mean fluorescence intensity of all the cells

examined on the filter. As fluorescence intensity is not an

absolute value, we standardized the laser intensity to the

average fluorescence of the analyzed bacteria to allow

comparison of fluorescence intensities among different
samples. To include cells lacking fluorescence indicative

for a specific property in the assessment of the total bac-
terial community, we calculated community indices for

the specific properties

COMprop ¼ ðINDprop;ave � NpropÞ=N tot; ð2Þ
where Nprop is the number of bacteria exhibiting the spe-

cific property and Ntot is the total number of bacteria.

INDprop,ave is the average value of INDprop derived from
Eq. (1). A COMprop of 100 would therefore indicate a

community where the whole area of the individual cells

is occupied by the specific property exhibiting the aver-

age of the mean fluorescence intensity per cell. Addition-

ally, a surface property index, represented by the ratio

between hydrophilic and hydrophobic properties (ratio-

phil/phob), was calculated by

ratiophil=phob ¼ COMhydrophilic=COMhydrophobic: ð3Þ
2.4. Standard preparation

The stability of the laser over time and the linearity of
the fluorescence signal with increasing laser intensity

were checked with standard fluorescent beads (InSpeck,

U = 2.5 lm, 0.3% relative fluorescence, Molecular

Probes, I-7219, I-7224, I-7225). These fluorescent beads

were tested periodically under the specific CLSM setting

using the single-track option from the lowest possible

(minimum gray-scale >20) to the highest possible laser

intensity (maximum gray-scale 256). For the Argon laser
(488 nm) InSpeck Green (Ex/Em: 505/515 nm), for the

HeliumNeon-1 laser (543 nm) InSpeck Red (Ex/Em:

580/605 nm), and for the HeliumNeon-2 laser (633nm)

InSpeck Deep Red (Ex/Em: 633/660 nm) were used.

For the whole sampling period, the correlation coeffi-

cients of the linear regression for the three different stan-

dard fluorescent beads were r2 = 0.96 for InSpeck Red

(n = 420), r2 = 0.93 for InSpeck Deep Red (n = 438)
and for InSpeck Green r2 = 0.94 (n = 255).
2.5. Additional parameters

For chlorophyll a (chl a) determinations, 500–700 ml

of freshly collected seawater was filtered onto a What-

man GF/F filter, stored at �20 �C and chl a and pheo-

pigment concentrations were determined according to
Yentsch and Menzel [20]. Also, water samples were ta-

ken for inorganic nutrients (described below). For inor-

ganic nutrient analyses ðNHþ
4 ; NO�

3 ; NO�
2 ; PO

3�
4 Þ,

samples were frozen after gentle filtration through 0.2

lm filters (Acrodisc, Gelman Science) and stored at

�20 �C until analysis in a TRAACS autoanalyzer sys-

tem. NHþ
4 was detected with the indo-phenolblue-

method (pH 10.5) at 630 nm wavelength [21]. NO�
2 was

detected after diazotation with sulphanilamide and N-

(1-naphthyl)-ethylene diammonium-dichloride as the

reddish-purple dye complex at 540 nm wavelength [22].

NO�
3 was reduced in a copper cadmium coil to nitrite



288 K.E. Stoderegger, G.J. Herndl / FEMS Microbiology Ecology 53 (2005) 285–294
(using imidazole as a buffer) and then measured as ni-

trite. Inorganic phosphate was determined via the

molybdenum blue complex at 880 nm wavelength

according to Murphy and Riley [23]. Samples for the

determination of silicate were stored at 4 �C until anal-

ysis after filtration through 0.2 lm filters (Acrodisc, Gel-
man Science). Ascorbic acid was used as reducing agent

and oxalic acid to prevent interference of phosphate. Fi-

nally, dissolved silicate was measured as a blue reduced

silicomolybdenium complex at 810 nm wavelength [24].
3. Results

3.1. Cell characteristics of natural bacteria

To determine the overall cell characteristics of natu-

ral bacterioplankton communities, the datasets of differ-

ent bacterial parameters of all sampling dates were

pooled and related to each other and to cell size (Tables

1 and 2). In total, we counted 7292 cells of which 94%

were detected by PicoGreen, thus leaving 6% of ghost
cells, and 90% showed hydrophobic and 36% exhibited

hydrophilic moieties (Table 1). Bacterial cells covered,

on average, an area of 0.9 lm2, of which 72% was cov-
Table 1

Cell characteristics of coastal North Sea bacterial communities as

determined by fluorescent stains for DNA, hydrophobic and hydro-

philic surface properties

Total Genome Hydrophobic Hydrophilic

Counts 7292 6847 543 2591

100% 93.9% 89.7% 35.5%

Area (lm2) 0.90 ± 0.51 0.65 ± 0.44 0.51 ± 0.37 0.18 ± 0.23

100% 71.9 ± 23.4% 54.9 ± 24.8% 16.1 ± 16.5%

Intensity 6726 ± 62 2770 ± 354 1028 ± 129

Absolute numbers and the percentage of the total are given. Areas and

mean intensities (± standard deviation) of the specific properties are

significantly different from each other (t test for dependent samples,

p < 0.001, n = see counts, actual number of observations).

Table 2

Pearson�s correlation coefficients (r) of the specific bacterial characteristics (

Genome (6847)

A

Total cell area to specific area 0.81

Total cell area to specific intensity 0.19

Specific area to specific intensity 0.41

Hydrophobic intensity Genome intensity

B

Hydrophobic intensity 0.41

Hydrophilic intensity 0.40 0.63

In (A) total cell area is compared with the specific properties and specific a

properties are compared within each other. Correlations with p < 0.01 are sh
ered by the genome and 55% of the total cell area was

covered by hydrophobic and 16% by hydrophilic moie-

ties (Table 1).

With increasing cell size, the genome-stained area as

well as the hydrophobic and the hydrophilic area of

the cell increased (Table 2A). This increase, as indicated
by the slope (k) of the linear regression, was lowest for

the hydrophilic area (k = 0.17) and 3 times higher for

the hydrophobic area (k = 0.51) and highest for the gen-

ome area (k = 0.69). The three slopes were significantly

different from each other (comparison for homogeneity

of slopes for all combinations, p < 0.01).

Mean fluorescence intensities of the hydrophobic and

hydrophilic regions were independent of the cell size
(Table 2A), while specific mean genome fluorescence

intensity was related to the corresponding area

(r = 0.32, p < 0.05, n = 6847) (Table 2A). When compar-

ing the areas or the mean intensities of the specific moi-

eties with each other, significant correlations (with

higher correlation coefficients for mean intensities) were

detectable (Table 2B) indicating concomitant changes of

the different moieties. The slopes for genome to hydro-
phobic area, genome to hydrophilic area and hydropho-

bic to hydrophilic area were k = 0.54, k = 0.13, and

k = 0.13, respectively, and were significantly different

from each other (comparison for homogeneity of slopes,

p < 0.05).

To relate hydrophobic or hydrophilic areas with the

corresponding mean fluorescence intensities, relative

indices, INDhydrophobic and INDhydrophilic (Eq. (1)), for
the individual cells were determined. Subsequently, these

indices were related to total bacterial cell size. If percent

values for the area were used in Eq. (1), changes of

hydrophobic and hydrophilic properties were found to

be independent of bacterial cell size (correlation,

r2 < 0.01 for n = 6543, n = 2591 for hydrophobic and

hydrophilic properties). If absolute values were used,

however, hydrophobic and hydrophilic indices increased
with cell size (correlation, r2 = 0.52, n = 6543 and

r2 = 0.22, n = 2591 for hydrophobic and hydrophilic

properties). The overall higher INDhydrophobic than
number of observations are given in brackets)

Hydrophobic (6543) Hydrophilic (2591)

0.73 0.45

n.s. 0.09

n.s. 0.1

Hydrophobic area Genome area

0.61 Hydrophobic area

0.24 0.29 Hydrophilic area

reas are compared to their specific intensities, whereas in (B) surface

own, n.s.-not significant.



Table 3

The correlation coefficient (r) for the different parameters as deter-

mined by time series analysis (cross correlation; n = 28, for compar-

isons between bacterial and chl a-measurements n = 45) is shown

Pattern Total

cell area

Genome

area

Hydrophobic

area

Chl a

Genome area 0.78 – n.s.

Hydrophobic area 0.53 0.83 – �0.45

Hydrophilic area 0.51 0.53 (�15) n.s. n.s.

Bacterial abundance n.s. �0.59 �0.7 (1) 0.86 (5)

Absolute values of the different areas are compared. The time lag is

usually 0 day, otherwise stated in parentheses.
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INDhydrophilic is mainly due to the smaller hydrophilic

than hydrophobic areas.

3.2. Temporal changes in bacterioplankton cell surface

properties during spring phytoplankton bloom

The dynamics in cell surface properties of the bacte-

rioplankton communities during a spring bloom were

followed and related to the changing environmental

parameters such as chl a and nutrient concentrations.

During the first two weeks of the sampling campaign,

total chl a concentration was high (10–5 lg l�1) due to a

diatom-dominated bloom accounting for 80–90% of the

total chl a (Fig. 1) as revealed by HPLC pigment analy-
sis (data not shown). This bloom was followed by two

subsequent diatom-dominated (60–70% and 65–75% of

the total chl a, respectively) blooms, succeeded by a

Phaeocystis-dominated bloom with a maximum chl a

concentration of 29 lg l�1 (Fig. 1).

The following analysis focuses on the diatom-

dominated blooms, as only a few data are available

for the Phaeocystis bloom. Unless stated otherwise, sta-
tistical analysis was performed using time series analysis

by cross-correlation (Statistica 6). Total bacterial abun-

dance was, on average, 17.5 ± 8.7 · 105 cells ml�1 and

varied between 7.0 and 36 · 105 cells ml�1 following

the dynamics of chl a with a time lag of 5 d (r = 0.86,

n = 28, p < 0.05, Fig. 1, Table 3). During the entire

sampling period, the abundance of cells exhibiting

hydrophobicity varied between 78.6% and 96.3%
(mean ± SD: 90.2 ± 5.1%) of total bacterial abundance.

The abundance of cells exhibiting hydrophobicity corre-

lated well (r = 0.99, n = 28, time lag = cn0, p < 0.05) with

total bacterial abundance. The abundance of cells exhib-

iting hydrophilicity varied between 7.6% and 77.2%

(40.1 ± 21.0%) of total bacterial abundance and fol-

lowed the dynamics of bacterial abundance and the

abundance of cells exhibiting hydrophobicity with a
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Fig. 1. Temporal dynamics of chlorophyll a (chl a), bacterial abun-

dance (BA) and the ratiophil/phob during a phytoplankton bloom in the

coastal North Sea in the spring of 2000.
time lag of 7 days (r = 0.45 and r = 0.41, p < 0.05,

respectively).

During the sampling period, between 50.5% and

88.9% (76.2 ± 12%) of the cell area was covered by the

genome thus covering about 1.5-times more area than

hydrophobic (56.9 ± 8.4%) and 6-times more than
hydrophilic (15.5 ± 5.3%) moieties (t test, p < 0.05,

n = 30). The hydrophilic area was more dynamic over

time (SD = 38% of the mean) than the hydrophobic,

genome or total cell area (SD = 14%, 22%, 14% of the

mean, respectively). Over the entire sampling period,

the correlation of the mean total cell area with mean

genome area was higher (r = 0.78, n = 26, p < 0.05) than

its correlation with mean hydrophobic (r = 0.53, n = 26,
p < 0.05) or mean hydrophilic (r = 0.51, n = 26, p < 0.05)

area (Table 3). Mean genome area was positively corre-

lated with mean hydrophobic area (r = 0.83, n = 26,

p < 0.05) and both were negatively correlated with bac-

terial abundance (Table 3). Mean hydrophobic area was

negatively correlated with chl a (Table 3).

The surface property index, expressed as the

ratiophil/phob, varied between 0.03 and 0.4
(0.07 ± 0.036, n = 11), i.e., more than 10-fold over the

sampling period (Fig. 1). Three distinct peaks in the

ratiophil/phob were noticed, before and after the diatom-

dominated bloom (Fig. 1). The ratiophil/phob was

negatively correlated with total bacterial abundance

(r = �0.47, time lag 1 day, n = 26, p < 0.05) and with

mean total cell size (r = 0.63, time lag 0 day, n = 26,

p < 0.05). Furthermore, the ratiophil/phob correlated better
with the hydrophilic community index, COMhydrophilic

(r = 0.95, time lag 0 day, n = 26, p < 0.05) than with

the hydrophobic community index, COMhydrophobic

(r = 0.58, time lag �5 days, n = 26, p < 0.05).

COMhydrophobic varied between 35.4 and 73.7 and

showed a similar trend as NHþ
4 (r = 0.82, time lag 0 d,

n = 26, p < 0.05) (Fig. 2), while it was negatively related

to chl a (r = �0.7, time lag 0 d, n = 26, p < 0.05) and to
NO�

3 with a time lag of 4 d (r = �0.58, n = 26, p < 0.05).

COMhydrophilic varied between 1.1 and 17.1 and was gen-

erally poorly correlated with phytoplankton related

parameters (NHþ
4 : r = 0.45, time lag �7 d, chl a :

r = �0.48, time lag �3 d, NO3: r = �0.42, time lag �9

d, for all: n = 26, p < 0.05) (Fig. 2). COMhydrophobic
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and COMhydrophilic were negatively correlated with bac-

terial abundance (r = �0.59, r = �0.58, time lag �3 d

and �1 d, respectively, n = 28, p < 0.05).

Using principal component analysis, calculated from

the main correlating variables of the normalized dataset,

four principal components (PCs) showed eigenvalues >1

explaining 87.9% of the total variance (Table 4). The

first two principal components, PC1 and PC2, explained
58% of this variance and were related to parameters

indicative for phytoplankton biomass and activity. Inor-

ganic nutrients, especially nitrogen availability, were the

driving force showing highest loading with PC1, which

explained 31% of the variability. About the same rate

of variability (27%) was explained by PC2, consisting

of variables more directly related to phytoplankton

(e.g., chl a, diatoms). PC3 and PC4 summarized infor-
mation on bacterial related parameters, such as bacterial

abundance and surface properties and together ex-

plained one third of the variance. The randomization

procedure (Covran) testing the significance of the factor
Table 4

The loading of the original variables for the first four principal

components and the percentage of explained variance

Variables Factor loadings

PC1 PC2 PC3 PC4

30.7% 27.2% 15.8% 14.1%

NO�
3 0.9 �0.13 �0.09 0.24

NHþ
4 �0.8 �0.25 0.05 0.14

Dissolved silica 0.77 �0.55 �0.1 0.2

PO3�
4 0.48 �0.66 �0.18 0.04

Chl a 0.25 �0.86 �0.3 0.2

Diatoms 0.25 �0.87 �0.3 0.2

Bacterial abundance 0.38 0.27 0.81 �0.15

COMhydrophilic �0.03 �0.11 �0.69 �0.68

COMhydrophobic �0.46 �0.23 �0.24 0.76

Significant factor loadings (randomization procedure: Covran) of the

characters used to interpret principal components are given in bold.
loading confirmed that the factor loading of the charac-

ters used to interpret principal components were signif-

icant in all cases (Table 4).
4. Discussion

This and an earlier study [17] are the only reports

thus far measuring bacterial hydrophobicity and hydro-

philicity simultaneously by use of molecular probes. A

discussion on the potential and limitations of this method

is given in detail in Stoderegger and Herndl [17]. Using

two fluorescent stains for tracing surface properties, we

were able to simultaneously measure the hydrophobicity
and polar moieties of the bacterial cell surface. Hydro-

philic areas were usually smaller than hydrophobic areas

and non-hydrophilic cells were encountered more fre-

quently than non-hydrophobic cells. This is probably

due to the fact that the hydrophobic stain is binding

to the lipid bilayer of the cell wall, the lipopolysaccha-

rides of the outer membrane and the capsule, or other

structures of the cell wall and membrane, while the
hydrophilic stain is targeting mainly the latter two sur-

face moieties.

One major drawback of the method might be that

such probes eventually intercalate within the cell enve-

lope and may bind to sites not only located at the

outermost cell surface but also intracellularly. The

molecular size of the stains used in this study (760

and 960 Da for the hydrophilic and hydrophobic
stain, respectively) is slightly higher than the average

size of molecules which can pass the Gram-negative

bacterial cell wall (�600 Da) [25]. We thus assume

that the stains used in this study are staining predom-

inantly the outer parts of the cell and do not penetrate

the cell wall.

As pretreatment of the samples is minimized with the

method presented here, the risk of major losses or
changes of the outermost cell surface is low. We ob-

tained relative fluorescence values for specific properties

and area values are indicating the total cell area covered

by the specific property. The weak correlation of the

specific fluorescence to the specific area, especially for

hydrophilic and hydrophobic properties (see Table

2A), indicates heterogeneity among different members

of natural bacterial assemblages. For area detection
with the CLSM, Sieracki et al. [26] found that the visual

threshold determination, as used in this study, tends to

overestimate the threshold, causing an underestimation

of microsphere size. Only for the smallest and brightest

fluorescing cells, these authors reported an overestima-

tion of the actual cell size (in their case Synechococcus

sp.). The microspheres we used (2.5 lm diameter) for

standardization usually indicated that we slightly over-
estimated their size (�2.7 ± 0.2 lm, for all the different

beads).



K.E. Stoderegger, G.J. Herndl / FEMS Microbiology Ecology 53 (2005) 285–294 291
Due to the lack of an absolute unit for hydrophobic-

ity, essentially all studies on the hydrophobicity of bac-

terial cell surfaces used relative units making

comparison among different methods difficult.

4.1. Individual surface properties

Marine bacterial strains, mainly isolated from the

Atlantic and growing in batch cultures [17], were usually

significantly larger than cells of natural communities

(2.1 ± 1.3 vs. 0.9 ± 0.5 lm2, respectively, t test for inde-

pendent samples, p < 0.01, n = 7292, n = 13243). The

portion covered by the genome (�72% for both), how-

ever, is essentially the same (Fig. 3(a)).
With regard to hydrophobicity, 95% of the bacterial

strains in batch cultures were covered to 77% by hydro-

phobic properties (Fig. 3(b)), while 90% of the natural

community (Table 1) was covered to 55% by hydropho-

bic properties (t test for independent samples, p < 0.01,

n = 12638, n = 6544, Fig. 3(b)).

Hydrophilic properties were found in 36% of seawa-

ter bacteria covering 16% of the area (Fig. 3(c), Table
1), while 52% of cultured bacteria (Fig. 3(c)) were cov-

ered up to 30% by hydrophilic properties (t test for inde-

pendent samples, p < 0.01, n = 2592, n = 6818). This is

about twice the surface area reported to be covered by

hydrophilic properties found in one other study [27].

These authors calculated that charged groups occupy

only a minor fraction (8%) of the total surface area,

assuming that all charge is caused by carboxyl groups
at the outer surface. As this study did not use a staining

technique, these results cannot be directly compared.
Fig. 3. Differences between natural bacterioplankton communities of

the North Sea (seawater) and the pooled data set of culture

experiments with six different strains (cultured) expressed as the

percentage of the total cell size covered by: (a) the genome area,

(b) hydrophobic area, and (c) the hydrophilic area. For (a) n = 6847

and n = 10,747 for (b) n = 6543 and n = 12,637 and for (c) n = 2591 and

n = 6817, for natural bacterial communities and for cultured bacteria,

respectively. Data on the bacterial strains are from Stoderegger and

Herndl [17].
Obviously, cultured bacteria are on average larger

and, independent of the size of the bacteria, express

more extensively hydrophobic and hydrophilic proper-

ties as compared to natural bacterial communities. On

one hand, this can be a result of permanent removal

of larger and faster growing bacteria from natural com-
munities due to attachment or grazing [28]. On the other

hand, enhanced nutrient availability could enable cul-

tured bacteria to express surface moieties more inten-

sively. Many authors have attributed the enlargement

of cells under cultured conditions to increased nutrient

availability [29,30]. The results obtained in this study

and on bacterial strains [17] support this hypothesis.

In contrast, Kjelleberg and Hermansson [31] found con-
sistently higher hydrophobicity in nutrient-deprived

cells and interpreted this as a mechanism of the bacterial

cell to survive starvation.

4.2. Surface properties and cell size

The portion of the bacterial cell surface that is hydro-

phobic or hydrophilic, expressed as INDhydrophobic and
INDhydrophilic, respectively, is not related to cell size in

natural bacterial communities, a pattern also found for

cultured bacteria [17]. Still, it is quite obvious that cul-

tured bacteria, despite being about twice as large as bac-

teria in situ and expressing about the same relative

amount of genome (72%, Fig. 3(a)), exhibit significantly

more hydrophilic (nearly twice as much) as well as

hydrophobic properties than cells of natural communi-
ties (Fig. 3(b) and (c)). Culture conditions differ from

natural conditions regarding nutrient availability and

grazing pressure. As discussed above, the overall

enlargement of cultured cells is probably due to favor-

able nutrient conditions.

4.3. Dynamics of bacterial surface properties during a

phytoplankton bloom

Bacterial hydrophobicity was negatively correlated

without time lag with the concentration of chl a (Table

3) and positively (r = 0.82, cross correlation) with the

concentration of NHþ
4 (see also Fig. 2). Thus, there is

evidence that bacteria are more hydrophobic when

regenerated nitrogen concentrations are high. Three

explanations for this phenomenon can be offered. In
the presence of NHþ

4 , bacterial species with a higher

capacity to express hydrophobicity might develop, bet-

ter adapted to utilize this nitrogen source. Although no

direct links with PO3�
4 could be demonstrated, an in-

crease of organic phosphorus induced by a decaying

phytoplankton bloom could favor hydrophobic bacte-

ria readily taking up dissolved organic phosphorus

[14]. It is unlikely that this is the only mechanism
responsible for the observed pattern, because bacterial

abundance and hydrophobicity are negatively linked
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to each other (r = �0.6, time lag = 3 d, cross correla-

tion). Furthermore, the development of more hydro-

phobic bacterial species in the presence of NHþ
4

should involve a time lag between NHþ
4 and hydropho-

bicity. A decrease in less hydrophobic bacterial species

would have the same effect on the observed overall in-
crease in hydrophobicity of the bacterial community.

Less hydrophobic bacteria might be removed by graz-

ing resulting in the enhanced production of NHþ
4 .

For the same study site, Arrieta and Herndl [32] re-

ported a decreased bacterial richness after a phyto-

plankton bloom and Gurijala and Alexander [33]

found that species that persisted at high abundance

had highly hydrophobic cell surfaces.
Originally less hydrophobic bacteria could also be-

come more hydrophobic by changing the composition

of surface molecules. NHþ
4 could be adsorbed to the neg-

atively charged groups of the amphiphilic polysaccha-

rides [5] rendering bacteria more hydrophobic (mask

effect). Thus, NHþ
4 availability and hydrophobicity

might be directly linked. Bacterioplankton hydropho-

bicity decreased from the upper 80 m water column to
deeper layers, where NHþ

4 concentrations are usually

low [13]. Hydrophobicity was also found to increase

with increased dilution rates in continuous cultures,

whereas electrophoretic mobility did not change mark-

edly [27]. Cationic quaternary ammonium salts have

been found to interact with biological and model mem-

branes [34,35]. Since COMhydrophobic and COMhydrophilic

are positively correlated (r = 0.42, n = 28, p < 0.05), in-
creased hydrophobicity is accompanied by an increase

in hydrophilicity. From the present results, it remains

unclear whether the variation in bacterioplankton

hydrophobicity resulted from a genotypic shift due to

differential growth, from grazing mortality of individual

genotypes or from a phenotypic response of the commu-

nity to changes in the chemical environment.

Several authors have demonstrated an increase of
hydrophobicity during the growth phase in culture

experiments [11,12,36,37], whereas other marine isolates

were found more hydrophobic during starvation [15,31].

van Loodsrecht et al. [27] concluded that coastal bacte-

ria tend to adhere to surfaces under optimal growth con-

ditions, while for open ocean bacteria attachment to

particles enhances the chance of bacteria to be vertically

transported [27].
Although most of the above-mentioned studies sug-

gest increased hydrophobicity during exponential

growth, bacterial abundance was negatively correlated

with hydrophobicity and hydrophilicity (r = �0.59,

r = �0.58 cross correlation) with a time lag of 3 d. Graz-

ing might therefore play a role in the expression of sur-

face properties in the bacterioplankton communities.

Hydrophobicity has been suggested as a mechanism of
bacterial cells to reduce grazing pressure [33]. This is

in contrast to the above suggestion that larger bacteria
or bacteria with a higher surface charge should be

grazed more efficiently. No correlation of bacterial

abundance with bacterial size could be found (Table

3). Also, mean hydrophobic and genome area were neg-

atively correlated with bacterial abundance (Table 3)

supporting the hypothesis that the overall smaller size
and lower surface properties of bacteria in their natural

environment are caused by the overall lower nutrient

concentration in situ as compared to culture conditions,

rather than by grazing. This conclusion is supported by

Matz and Jürgens [34] who did not find any correlation

between grazing rates of flagellates and the surface

charge of their bacterial prey.

4.4. Dynamics in the surface property index

The dynamics in the surface property index, the

ratiophil/phob, are depending more on the variations in

hydrophilicity (Fig. 2, r = 0.95, time lag = 0 d, cross cor-

relation) rather than on the variability of hydrophobic-

ity. This is indicated by the peaks in the ratiophil/phob
(Fig. 2), which were mainly caused by an increase in
hydrophilicity and a corresponding smaller decrease of

hydrophobicity. A similar pattern was observed in cul-

tures of Acinetobacter calcoaceticus. Cells in the early

stationary phase are hydrophobic and as the medium

becomes nutrient depleted, emulsan, a polysaccharide

with fatty acids distributed along the entire length of

the molecule, accumulates as a minicapsule at the cell

surface, decreasing hydrophobicity again. In the late sta-
tionary phase, the capsular polymer is released into the

medium and the cells become hydrophobic again [35]. In

our previous batch culture study [17], we were able to

differentiate two groups of bacteria based on their sur-

face property index. One group, characterized by gener-

ally high hydrophobicity and high growth rates,

exhibited a continuous increase in the ratiophil/phob dur-

ing growth in batch cultures. The less hydrophobic
group of bacterial strains exhibited two peaks in this ra-

tio, one at the transition from the exponential growth

phase to the stationary phase and the other in the senes-

cent stage. The natural bacterial communities studied

here belong to the second group of bacteria, due to their

overall low hydrophobic and hydrophilic community

indices. This group also showed lower growth rates, sug-

gesting that bacteria are better adapted to lower nutrient
concentrations. Although these bacterial groups (Altero-

monas, Pseudoalteromonas, Vibrio-populations) are

readily culturable, they exhibit a remarkably low abun-

dance in situ [36]. Beardsley et al. [37] demonstrated that

although these groups of bacteria show high growth

rates in cultures, they over-proportionally decline during

the increase in flagellate abundance, in contrast to mem-

bers of the Roseobacter group.
In conclusion, we show in this study that coastal North

Sea bacterioplankton express less surface properties
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than marine bacterial strains in batch cultures. Hydro-

phobicity is enhanced when regenerated nitrogen con-

centrations are elevated and bacterial abundance is low,

suggesting that hydrophobicity is a means to reduce

grazing pressure.
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