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Abstract

In order to clarify the role of picocyanobacteria in aquatic biogeochemical processes (e.g., calcite precipitation), cell surface p
need to be investigated. An experimental study of the cell surface characteristics of twoSynechococcus-type unicellular autotrophic pico
cyanobacterial strains was carried out. One strain was isolated from Lake Plön and contained phycocyanin, the other strain came
Maggiore and was rich in phycoerythrin. Potentiometric titrations were conducted to determine the different types of sites prese
bacteria cell walls. Infrared spectroscopy allowed characterization of the various functional groups (R–NH2, R–COOH, R–OH, R–PO2) and
investigations of zeta potential provided insight into the isoelectrical points of the strains. Titrations reveal three distinct sites on therial
surfaces of phycocyanin- and phycoerythrin-rich strains with pK values of 4.8± 0.3/5.0± 0.2, 6.6± 0.2/6.7± 0.4, and 8.8± 0.1/8.7± 0.2,
corresponding to carboxyl, phosphate, and amine groups with surface densities of 2.6±0.4/7.4±1.6×10−4, 1.9±0.5/4.4±0.8×10−4, and
2.5± 0.4/4.8± 0.7× 10−4 mol/g of dry bacteria. The deprotonation constants are similar to those of bacterial strains and site dens
also within an order of magnitude of other strains. The phycoerythrin-rich strain had a higher number of binding sites than the phy
rich strain. The results showed that picocyanobacteria may adsorb either calcium cations or carbonate anions and therefore strong
the biogeochemical cycling of calcite in pelagic systems.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Cyanobacteria are photosynthetic prokaryotes comm
found in soils and freshwater. They are an important com
nent of marine phytoplankton and contribute significantly
the overall primary production in ecosystems of all clima
zones[1,2]. Cyanobacteria often dominate the picoplank
community in oligotrophic systems[3–6].

Picocyanobacteria are increasingly investigated du
their ecological significance[7]. Recent studies indicate th
* Corresponding author. Fax: +41-41-349-21-68.
E-mail address:dittrich@eawag.ch(M. Dittrich).
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picoplankton plays an important role in calcite precipi
tion in oligotrophic lakes[8]. One possible mechanism
a two-step process, during which calcium cations first b
to the cell surface, followed by the diffusion of hydrox
ions through the cell membrane as a result of an uptak
HCO−

3 by photosynthesis[9]. Although the observation o
fast and reversible Ca adsorption on picocyanobacteria
in in situ microscopic study[10] supports this mechanism
the detailed steps of the precipitation of minerals and c
remain unclear.

Knowledge of cell surface properties is crucial to und

stand the calcite precipitation. The concentrations and char-
acteristics of proton-active carboxylic, phosphoric, phospho-
diester, hydroxyl, and amine functional groups on cell sur-
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faces play an extremely important role in this respect, as
are responsible for the surface binding capacity.

Despite numerous investigations carried out on cell
faces during the last decade, a general model of cell
face characteristics does not exist. Most bacteria in ma
and freshwater settings are Gram-negative[11]. Neverthe-
less, until the late 1990s investigations of solute adsorp
onto microbial surfaces focused on Gram-positive aero
bacteria such asBacillus sp., e.g.,[12–14]. These studies
showed that metal–bacteria complexes had high therm
namic stabilities, which are comparable to those of comm
organic ligands[15,16]. The free surface energy calculat
from contact angle measurements on dry microbial la
could not be related to the Gram-character of some ba
ial strains[17]. Yee and Fein[18] proposed that all bacteria
species might be represented by a simple generic the
dynamic model for purposes of modeling metal transpor
natural environments.

However, Gram-positive and Gram-negative bacteria
fer significantly in their cell membrane structure and com
sition. The cell walls of Gram-positive bacteria are relativ
simple and consist predominantly of a rigid peptidoglyc
framework. In contrast, the cell walls of Gram-negative b
teria are complex and have an outer membrane coveri
thin layer of peptidoglycan[19]. Therefore studies focusin
on Gram-positive species can only provide limited inform
tion regarding the properties of Gram-negative strains.

The number of studies examining the surface chemi
of Gram-negative bacteria has recently increased quite
nificantly [20–22]. It has been suggested that Gram-nega
bacteria should have less reactive sites than Gram-pos
cells [23]. However, Sokolov et al.[24] found that the site
densities of Gram-negativeShewanella putrefacienswere
higher than those of Gram-positiveBacillus subtilis[14]. On
the other hand, Haas et al.[25] reported a stability constan
of the uranyl ion on carboxyl sites that is almost three
ders of magnitude lower than that forBacillus cells [14].
The X-ray photoelectron spectroscopy (XPS) studies on
hydrated freeze-dried cells of 210 strains, showed that
Gram character of bacterial strains was not reflected in
group distribution of the elemental surface concentra
ratios (N/C, O/C, and P/C) [26]. No convincing relation-
ships have been found however for Gram-negative bac
between XPS data and other physicochemical cell sur
properties[27]. Therefore it is still unclear to what exte
generalizations can be made about the cell surface pro
ties of Gram-negative and -positive bacteria.

The objectives of the present study were to clarify t
discrepancy by characterizing the surface of Gram-nega
picocyanobacteria. The characterization of picocyanoba
ria surface properties is necessary to reveal their role in
biogeochemistry of aquatic systems, particularly for mine

precipitation. Until now, the cell surface of small coccoid
phototrophic picocyanobacteria has not been investigated in
that respect. The aims of this study were to determine the
d Interface Science 286 (2005) 487–495
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identity, abundance, and acid-base properties of binding
on the surfaces of two different picocyanobacteria strain

A combination of in situ infrared spectroscopy, potent
metric titration, and zeta-potential measurements was
ried out on intact cells ofSynechoccocus-type blue-green
phycocyanin (PC)-rich and red-pigmented phycoeryth
(PE)-rich strains. The experimental data were used to i
tify the dominant functional groups and to determine
concentration and acidity of the cell surface sites.

2. Methods

2.1. Picocyanobacteria growth

Green (rich in phycocyanin) and Red picocyanob
teria (rich in phycoerythrin)Synechococcus-type strains
were used in all experiments presented here. The s
ples were isolated from the water column of two stratifi
lakes: the Plöner See and Lago Maggiore (courtesy o
Callieri). Cells were grown as batch cultures using mo
fied Z/10 medium (5.9 mg/l Ca(NO3)2 · 4H2O, 46.7 mg/l
NaNO3, 4.1 mg/l K2HPO4 · 3H2O, 2.5 mg/l MgSO4 ·
7H2O, 168 mg/l NaHCO3, 11.45 mg/l Na-EDTA, 3 mg/l
FeSO4 · 7H2O, 248 µg/l H3BO3, 135 µg/l MnSO4 · H2O,
7.2 µg/l (NH4)6 · Mo7O24 · 4H2O, 23.2 µg/l ZnSO4 · 7H2O,
12 µg/l Co(NO3)2 · 6H2O, 10.4 µg/l CuSO4 · 5H2O) under
a 14 h/10 h light/dark condition, with a light intensity o
approximately 10 µE/(m2 s). Cells in the stationary growt
phase were used for the titration experiments. Cell viab
was verified using epifluorescence microscopy.

2.2. Preparation of cells

The cultures were harvested by centrifugation at 70g
for 10 min at 20◦C. The medium was decanted and t
cells were resuspended in 0.001 M EDTA. After further c
trifugation at 7000g for 10 min, the EDTA solution was
decanted; the cells were resuspended in 0.1 M NaNO3 and
centrifuged under the same conditions listed above.
washing procedure in NaNO3 was repeated four times an
the cells were finally batched and resuspended in 50 or 1
of the 0.1 M NaNO3.

2.3. Electrophoretic mobility investigations

The electrophoretic mobility of the suspensions was m
sured using a Zetasizer 3000, Malvern Instruments. The
potential was calculated from the measured mobility acc
ing to the Smoluchowski equation. Ready-to-use syrin
with a zeta transfer potential standard (silica colloids)
−50± 5 mV from Malvern Instruments were used for ca
bration. Approximately 10 ml of washed bacterial susp

sion (0.5 g/l) was added to 0.1 M NaNO3. The pH was
adjusted to the required value using dilute HNO3 or NaOH.
The suspensions were stirred and conditioned until the pH
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stabilized. The suspensions were then transferred to the
trophoresis cell for measurements. Approximately 10 re
ings were taken. The average values are reported here.

2.4. Potentiometric titration

2.4.1. Solutions
All solutions were prepared through analytical measu

ments to determine molar concentrations. The solut
were subsequently degassed with N2 for 20 min to dissi-
pate O2 and CO2. The NaNO3 solutions were prepared b
weighing a known amount of NaNO3. The concentration o
NaNO3 used in this experiment was 0.1 M.

The NaOH solution was prepared according to the
lowing method: approximately 0.1 M solution was prepa
from NaOH using degassed 18 M� water. The exact NaOH
concentration was determined prior to the titration exp
ment through the titration of three 5- or 10-ml aliquots w
standard 0.1 M HCl. The three runs had a relative stan
deviation of 1%.

2.4.2. Titrator setting
Deprotonation constants and surface site concentra

were determined from acid–base titrations of bacterial
pensions in a background electrolyte of 0.01 M NaNO3. All
titrations were performed in a glass vessel with a lid as
of a Metrohm GP 736 Titrino unit interfaced by Titrino so
ware TITRINET to a personal computer. Two separate b
exchange units with 20 and 10 ml were used, one for the
and one for the base. We also used a Metrohm titrator ve
lid. The temperature was recorded with a temperature
sor; the error of the temperature probe was 0.1◦C. The pH
electrode was three-point calibrated with buffers (pH 4
and 10) before each experiment, and the slope was co
tently 99% of the Nernst value.

The Titrino unit was programmed with a dynamic mo
(DYN) for the titration, which added the variable amount
titrant according to the pH changes: the smaller volume
titrant was added at the slope of the pH curve. The suc
sive titrant additions were made only when the signal d
reached 10 mV/min.

2.4.3. Bacterial titration
The titrator electrode was first calibrated as mentio

above. The optical density (OD 630 nm) of the bacte
suspension in the NaNO3 electrolyte solution was mea
sured prior to each titration run. The measured absorb
was compared to a prepared calibration curve to determ
the concentration of bacteria (in mg/l) and the bacteria
cell numbers (cells/L). The dry weight of bacteria was de
fined by drying at 65◦C until a constant weight was a
tained. The absorbance used was in the range of 0.41–
which corresponds to 0.063–0.122 g of bacteria/L. A known

amount of bacterial suspension, approximately 50 ml, was
then transferred to the titration vessel, which was immedi-
ately attached to the lid setup connected with the N2 gas
d Interface Science 286 (2005) 487–495 489
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line. A magnetic stir bar was also added to the vessel.
whole system was then degassed for 30–40 min to exc
atmospheric CO2. Following the degassing procedure a po
tive pressure of N2 was maintained by allowing a gentle flo
of N2 into the headspace during the titration.

The bacterial aliquot was then titrated quickly to pH 2
with 0.1 M HCl. The buret exchange unit was subseque
changed and the titration of the aliquot with NaOH up
pH 10 began. The total time for each titration was appro
mately 40 min.

Some titrations were reversed by conducting an acid t
tion, which immediately followed the base titration. T
results of reversed titrations were not significantly diff
ent from the forward titrations suggesting reversibility of t
proton adsorption–desorption reactions.

2.5. Data analysis

The titration data are expressed in the form of charge
cess versus− log[H+], where the charge excess is calcula
by the equation

[H+]ex = CA − CB − [H+] + Kw/[H+],
whereCA andCB are concentrations of acid and base add
[H+] is obtained from the measured proton concentrat
andKw is the stability constant for the dissociation of wat
It is necessary to model the H+ exchanged due to depro
tonation of sorption sites in order to determine pKa values
and site densities for binding sites on the bacteria surf
The acid–base titration experiments were modeled afte
FITEQL 4 optimization routine[28] using the constant ca
pacity model to determine the intrinsic deprotonation c
stants and surface site densities.

The specific surface area ofSynechococcuswas estimated
using a geometric approach and measurements of ext
dimensions of viable bacteria by atomic force microsco
The average long and short axes ofSynechococcusPCC
7942 were measured at 2.3 and 0.5 µm, respectively. T
particular size parameters of cells were used for all stra
Based on the estimation of the cell number from the opt
density measurement and the known dry weight of the
pension from the relationship between weight and cell n
ber, we obtained specific surface areas of 76 and 88 m2/g
for wetSyn. Green andSyn. Red strains, respectively.

The FITEQL 4 fits data to a specific function of varian
V (Y ) between experimental data and the model

(1)V (Y ) =
∑(

Ycalc−Yobs
Sobs

)2

npnII − na
,

whereYcalc is the calculated value,Yobs is the experimen
tal value,Sobs is the error associated with the experimen
data,np is the number of data points,na is the number of

adjustable parameters in the model, andnII is the number
of components for which both the total and free (dissolved)
concentrations are known.



id an

ss in
nge
is
ge is
ving
his
erial

on

ad
ho-

ec-

re
a
cted
-

ano
be-

is

eg-
ace
. As
oups
cell
n 7
will
een
teria
sorp-

sion
ved
trate
me
dif-

tra-
n be

-
he
f the
ps
los-

lays
at-
an

to
ntra-
490 M. Dittrich, S. Sibler / Journal of Collo

The variance is thus a quantitative estimate of succe
describing the data with a specified model. A value ra
of 0.1 < V (Y ) < 20 represents a good fit. Implicit in th
modeling approach is the assumption that surface char
homogeneously distributed over the bacterial surface, gi
rise to a relatively simple behavior of the electric field. In t
study, we neglect the effect of heterogeneities in the bact
surface electric field, although previous studies onBacillus
subtilis revealed a higher concentration of surface sites
the bacteria tips[29].

2.6. Attenuated total reflectance infrared (ATR-IR)
spectroscopy

ATR-IR measurements were performed on a Bio-R
FTS 45 Fourier transformation infrared (FTIR) spectrop
tometer with a 32000 data station. Scans (n = 256) with
resolution 1 cm−1 were collected for each suspension sp
trum of washed bacteria in 0.1 M NaNO3. The suspension
(appr. 0.5 g/l) was left to settle for 1–2 h; the spectra we
then measured. The spectrum of 0.1 M NaNO3 was used as
background. The base-line shift of the spectra was corre
using the MATLAB application (The Math Works, Inc., Na
trick, MA, USA).

3. Results and discussion

3.1. Zeta potential of bacteria

The zeta potential measurements reveal that picocy
bacteria exhibit a net positive charge of the surface
low a pH value of approximately 5 (Fig. 1). Unlike pico-
cyanobacteria, the surfaces of investigatedBacillus sp. are
negatively charged under broader pH conditions (2–8[30];
2.4–10[31]). An isoelectric point of picocyanobacteria
Fig. 1. Zeta potentials of two picocyanobacterial strains in 0.1 M NaNO3 as
a function of pH.
d Interface Science 286 (2005) 487–495
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approximately at pH 5. At this pH the concentration of n
atively charged surface sites is equal to positively surf
charged groups, which are most probably amine groups
the pH decreases from this point, the base surface gr
protonate, thus generating electropositive potential at the
surface. It is interesting to note that at a pH of betwee
and 8, the surfaces of picocyanobacteria in natural water
carry a negative charge. Electrostatic interaction betw
cells and metal cations promotes adhesion to the bac
surface. Further studies are necessary to quantify the ad
tion of metals onto the cell surface.

3.2. Potentiomentric titrations

Fig. 2shows the titration curves forSyn. Green cells fol-
lowing the transformation to the charge balance expres
of four replicate titrations. Consistent trends are obser
for the titration curves in each set. These results demons
that while some surface variability can occur with the sa
bacterial strain (analogous to aging or subtle preparatory
ferences for mineral solids), reproducible quantitative ti
tion curves for estimates of surface characteristics ca
obtained.

The titration curves inFig. 3 are displayed in compar
ison to the titration of the electrolyte. It is clear that t
presence of bacteria influences the buffering capacity o
electrolyte. This buffering is due to the functional grou
on the bacterial surface, which consume added base by
ing their protons. However, the bacterial suspension disp
relatively weak inflection points. This behavior has been
tributed to the existence of several functional groups with
overlapping range of pH over which they deprotonate[32].

The results of the titration experiments were used
generate an optimal description of the numbers, conce

Fig. 2. H+ exchanged for four replicate acid–base titrations ofSyn. Green

from the same population (0.26 g/l) in 0.1 M NaNO3. Closed symbols cor-
respond to the forward titration data and open symbols correspond to the
back titration.
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Fig. 3. Acid–base titration data from the titration performed usingSyn.
Green. Also shown is the titration curve for the electrolyte in the absen
bacteria.

tions, and thermodynamic properties of ionizable functio
groups on the bacterial surface.

Specific adsorption of electrolyte ions onto the bacte
surface was not considered, as it would require titration
periments over a range of several orders of magnitude
respect to electrolyte concentration. The bacterial surf
however, reacts sensitively to extreme shifts of salinity: c
may undergo spontaneous lysis in solutions with low io
strength, while the membrane-mounted proteins tend to
ubilize at significantly higher ionic strengths[33,34].

3.3. Functional groups on the cell surface

Table 1summarizes the results of FITEQL optimizatio
for the titrations of two picocyanobacterial strains based
two-site (acidic and basic site) and three-site models (
acidic sites and one basic site). Proton dissociation from
cell surface can be described by the reactions

S1H ↔ >S−
1 + H+ (acid reaction)

and

S2H+ ↔ >S2 + H+ (base reaction),

where>S1 and>S2 represent the acid- and base-type s
of bacteria, respectively.

The results obtained with this approach reflect the a
age properties of a heterogeneous population of functi
units. The calculated parameters behave as if they were
single functional type. This simple approach was succ
fully applied to titration studies on Gram-positive bac
ria [12,13]and Gram-negative bacteria[18,23,25].

The models that considered the cell surface as a mono
tic acid or base failed to reproduce the titration data. A mo

separating two discrete sites with acidic and basic proper-
ties converges for the titration data. A three-site model (two
acidic groups and one basic group) provided an improved
d Interface Science 286 (2005) 487–495 491
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Fig. 4. Potentiometric titration curve forSyn. Green at 0.26 g/l. Also shown
are FITEQL regressions (lines connecting data points) for different mo
of the cell surface. The dot–dash line corresponds to the model bas
one acidic and one basic site. The solid line corresponds to the three
model based on two acidic sites and one basic site.

fit to the titration data compared with the previous mo
(Fig. 4, Table 1). This observation is consistent with resu
from previous studies on Gram-positive and Gram-nega
bacteria (see reviews in[20,23]). Cox et al.[35] and Sokolov
et al.[24] proposed a five-site model based on discrete a
ity spectra for Gram-positiveBacillus and Gram-negative
Shewanella putrefaciens. However, Cox et al.[35] suggested
that two of their distinct sites could be of the same functio
group, which they assigned to carboxyl moieties. Soko
et al. [24] proposed the presence of phosphodiester site
low pH with separate pKa values for amine and hydroxy
groups at higher pH. Conversely, Pagnanelli et al.[36] iden-
tified only two groups on the surface ofArthrobacter sp.
(pK1 = 6.9 and pK2 = 10.1), which they assigned to pho
phoryl and amine groups.

Results obtained for two bacterial strains are shown
Table 2, along with data from other studies. Through co
parison of the mean pKa values of three sites in the prese
strains ofSyn. Green and Red with those from previous stu
ies [20,35] and from known functional groups, sites wi
pK1 = 4.8 and 5.0 can be assigned to carboxyl (pKa = 2–6),
while those with pK2 = 6.6 and 6.7 are assigned to pho

Table 1
Deprotonation constants as calculated by FITEQL 4[28]

Model pKi of sitesi

Syn. Green Syn. Red

pK1 pK2 pK3 V (Y )a pK1 pK2 pK3 V (Y )a

2 sites:
1 acidic+ 1 basic 5.05 6.66 – 11 5.11 7.56 – 13
3 sites:
2 acidic+ 1 basic 4.85 6.56 8.76 3 4.98 6.69 8.66 5
a Variance as calculated by FITEQL; see Eq.(1). A value range of 0.1 <

V (Y ) < 20 represents a good fit.
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Table 2
Comparison of deprotonation constants in 0.1 M NaNO3 between the present strains and other strains of bacteria for which data is available

Reference Species na pK1 pK2 pK3

This study Syn. Green 4 4.85± 0.31 6.56± 0.2 8.76± 0.06
Syn. Red 4 4.98± 0.16 6.69± 0.39 8.66± 0.21

[23] Unknown Gram-negative 6 4.3± 0.2 6.9± 0.5 8.9± 0.5
[25] S. putrefaciens, Gram-negative 3 5.16± 0.04 7.22± 0.15 10.04± 0.67
[20] Calotrix cell 4.7± 0.4 6.6± 0.2 9.1± 0.3

Calotrix sheath 4.8± 0.3 6.5± 0.1 8.7± 0.2
are
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[12] B. subtilis, Gram-positive 18

a Number of titration experiments.

phoryl (pKa = 5.6–7.2). The remaining values of pK3 = 8.8
and 8.7 in theSyn. Green and Red strains, respectively,
within the ranges of phenolic (hydroxyl, pKa = 8–12) and
amine (pKa = 8.6–9.0) groups.

3.4. Concentrations of surface sites

It has been shown that surface site densities can vary
nificantly depending on the growth phase of bacteria;
the exponential phase yields higher site concentrations
either stationary or sporulated phases[37]. Haas et al.[25],
however, recently demonstrated that the acid–base beh
of the Gram-negativeShewanella putrefaciensis largely in-
sensitive to variations in culture age and media composi
The cells in our study were harvested following three day
the stationary phase, similarly to the growth phase of o
studies inTable 3.

When compared withSyn. Green,Syn. Red has a highe
total site concentration (16.6 × 10−4 mol/g), which is
slightly higher than that of the Gram-negative strainCalotrix
(14.6×10−4 mol/g) [38], as well as an unknown strain fro
the genusEnterobacteriaceae(12.7 × 10−4 mol/g) [23].
The overall pH-buffering capacity of other picocyanob
teria strains appears to be of the same order of magnitu
that of other Gram-negative bacteria (Table 3). The lowest
values were those reported by Haas et al.[25] for Shewanella
putrefaciens, although Sokolov et al.[24] reported a value
of 17.7 × 10−4 mol/g for the same strain. Gram-positiv
cells have been expected to possess more buffering cap
than their Gram-negative counterparts because the G
positive cell envelope is surrounded by a thick external la
of peptidoglycan (PG). The PG layer in Gram-negative c
is much thinner than what is typical for Gram-positive bac
ria. In Gram-negative cells, the PG is surrounded by an o
membrane, the outer aspect of which is composed large
lipopolysaccharide (LPS). The latter is thought to play
important role in metal binding to the cell exterior[25,39].
It can be shown that the two Gram-positive bacteria,Bacil-
lus licheniformisandBacillus subtilis,have higher total site
concentrations when compared with some Gram-nega
strains.
Although the total site densities for all investigated strains
are of the same order of magnitude (implying similarities
in total surface site densities), the distribution between the
4.8± 0.14 6.9± 0.5 9.4± 0.6

-

r

s

y
-

functional groups appears to be individual for each str
The estimated size concentrations obtained from the
base–two acid site (b–a–a) model were normalized w
dry mass of bacteria in each titration to yield surface
densities, which were 2.6± 0.4/7.4± 1.6 (carboxyl site),
1.9±0.5/4.4±0.8 (phosphoryl site), and 2.5±0.4/4.8±0.7
(amine/hydroxyl site) 10−4 mol/g, respectively.Table 3dis-
plays a compilation of site densities determined for
present strain, along with data from the literature on o
strains[23]. Site densities are provided in terms of moles
sites per gram of bacteria (Table 3).

Daughney and Fein[13] found that different strains o
Gram-positive bacteriaBacilluspossess carboxyl site dens
ties in a range of 8.9–12.0 × 10−4 mol/g bacteria. Haas e
al. [25] estimated a carboxyl density of 0.3 × 10−4 mol/g
for S. putrefaciens, compared with our estimated range
2.6–7.4× 10−4 mol/g for the strains.

Our estimate of the concentration of phosphoryl gro
on the picocyanobacteria surface (1.9–4.4 × 10−4 mol/g)
is similar to that known from previous studies on Gra
negative bacteria (Table 3). According to Daughney an
Fein[13] and Fein et al.[12], Gram-positive bacteria poss
higher phosphoryl groups (4.4–8.3 × 10−4 mol/g). It is in-
teresting to note that the pK2 value is also similar in al
studies[23].

Both amine and hydroxyl groups may be responsible
the estimated pK3 values. The total surface charge estima
from the concentrations of surface groups is slightly nega
with pH values between 4 and 5 in the presence of hydro
groups (Table 2). However, the zeta measurements show
that the cell surface is positively charged at pH< 5, leading
to the conclusion that the third functional group should c
sist of an amine group.

Our investigation indicates an amine group componen
pH buffering that has been previously unreported for Gra
positiveBacillus [12] and observed for Gram-negativeShe-
wanella[25]. The amine site concentration density is high
(2.5–4.8 × 10−4 mol/g) than that ofShewanella[25] (Ta-
ble 3). Borrok et al.[21] showed that acid washing similar
that in the experiments of Yee and Fein[18] irreversibly af-
fects the cell wall. Consequently, the adsorbance capaci

Gram-negative bacteria may be overestimated.

Finally, the majority of previous studies have also used
freeze-dried cells, with the exception of those from Fein et



M. Dittrich, S. Sibler / Journal of Colloid and Interface Science 286 (2005) 487–495 493

Table 3
Comparison of surface site concentrations in 0.1 M NaNO3 between the present strains and other strains of bacteria for which data are available

Reference Species Ctot C1 C2 C3

This study Syn. Green, Gram-negative 6.9 2.6± 0.4 1.9± 0.5 2.5± 0.4
Syn. Red, Gram-negative 16.6 7.4± 1.6 4.4± 0.8 4.8± 0.8

[23] Enterobacteriaceae, Gram-negative 12.7 5.0± 0.7 2.2± 0.6 5.5± 2.2
[25] S. putrefaciens, Gram-negative 0.78 0.32±0.02 0.09± 0.01 0.38± 0.01
[20] Calotrix cell, Gram-negative 14.6 3.28±0.27 4.14± 0.31 7.16± 0.97

Calotrix sheath 1.83 0.46±0.17 0.45± 0.09 0.92± 0.22

[12]a B. subtilis, Gram-positive 22.6 12± 1 4.4± 0.2 6.2± 0.2
[13]a B. licheniformis, Gram-positive 29.9 8.9± 3.8 8.3± 4.6 12.7± 6.8
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Note. Concentrations of the surface sites expressed as 10−4 mol/g of dry ba
a Reported in Ngwenya et al.[23], recalculated to g of dry weight of ba

al. [12]. Daughney and Fein[13] and Ngwenya et al.[23]
found that the use of wet or freeze-dried cells does
produce different results. Our results demonstrate that
ocyanobacteria posses a significant number of functi
groups on their cell surfaces. As picocyanobacteria can d
inate phytoplankton communities in freshwater or mar
systems, they may play an important role in adsorption
metals in those environments.

3.5. Infrared spectroscopy

The ATR-IR spectra contain information on the molec
lar level of functional groups present on cells. Despite
complexity of spectra, some characteristic peaks can b
signed. The infrared bands are composed of a combina
of peaks from protein, lipid, and carbohydrate functio
groups. The spectral features for bacterial cells are wel
tablished[40,41]. Recently, infrared bands of cyanobacte
have been investigated (e.g.,SynechococcusPCC 7942[42]
and filamentousCalothrix sp.[20,43]).

The investigated strains in this study areSynechococcu
types of picocyanobacteria. In order to compare the IR s
tra of the investigated strains with the known data from lit
ature, we measured the IR spectrum ofSynechococcusPCC
7942. This spectrum is added toFig. 5, which shows the IR
spectra ofSyn. Green and Red.

The functional groups of cyanobacteria and correspo
ing infrared frequencies are summarized inTable 4. It must
be taken into account that a clear distinction between
surfaces and the inner cell is not possible. The ATR-IR be
penetrates approximately 5 µm into the material, whic
similar to the diameter of cyanobacteria.

Examination of spectra reveals both the similarities
spectra and a number of spectral regions, which can
count for the chemical differences between the strains
the region 2000–1500 cm−1 the spectra are dominated b
absorbance from the peptide backbone[43]. The amide I
group presents characteristic absorption at approxima
1650 cm−1 (C=O stretching), while the amide II group wa

−1
observed at approximately 1540 cm. These two features
are very characteristic for cyanobacterial cells[42,43] and
were also found in this study. Also interesting to note, that
l biomass.
.

-

Fig. 5. Infrared spectra of PCC 7942,Syn. Green andSyn. Red collected
in 0.1 M NaNO3 electrolyte solution. SeeTable 4for specific band assign
ments.

the two amide bands were observed in spectra of the fre
dried oral streptococcal strains cells[17].

The peaks near 1400 cm−1 are characteristic of symme
ric vibration versus COO-frequencies of amino acid s
chains and free fatty acids. The amide III group was foun
PCC 7942 andSyn. Green at approximately 1455 cm−1 but
seems to be concealed by strong polysaccharide vibra
in Syn. Red. The most significant differences occur with
the range 1200–1500 cm−1. Absorption at approximatel
1242 cm−1 corresponds to the asymmetric phosphodie
stretching (P=O) of the nucleic acids[40]. This feature is
very pronounced in spectra of PCC 7942 andSyn. Green, but
overlapped in theSyn. Red spectrum. Another nucleic ac
phosphodiester peak at 1080 cm−1 (symmetric stretch P=O)
is represented in all spectra, although at this region (12
900 cm−1) the stretching (C–O–C) vibrations of polysacch
rides (glycogen) dominate the absorbance.

Below 2000 cm−1 the main lipid band can be foun
at approximately 1740 cm−1 (C=O ester stretching vi

brations) and is derived primarily from the ester linkage
of the fatty acids (aliphatic monocarboxylic acids). FTIR
spectra contain prominent features derived from carbohy-
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Table 4
List of band assignments

Wavenumber (cm−1) Assignment Comments

∼ 1740 v>C=O of ester functional groups primarily from
membrane lipids and fatty acids[46]

∼ 1650 vC=O of amides associated with proteins[47,48] Usually called the amide I band

∼ 1540 δN–H of amides associated with proteins[47,48] Usually called the amide II band, may also contain
contributions from C=N stretches

∼ 1455 δacCH2/δacCH3 of proteins[49] The positions of these broad peaks vary in the
literature, called the amine III band

∼ 1398 δacCH2/δacCH3 andvsC–O of carboxylic
groups[47,49]

The positions of these assignments vary in the
literature

∼ 1240 vasP=O of the phosphodiester backbone of nucleic
acid (DNA and RNA)

General phosphoryl groups

∼ 1200–900 vC–O–C of polysaccharides[49,50], ∼ 1165,
∼ 1110, 1050, 1030 for C–O

The predominant polysaccharide in cyanobacteria
is glycogen

∼ 1080 v P=O of the phosphodiester backbone of nucleic May also be due to the presence of phosphorylate
s
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drate adsorption bands that spread over approximately
wave numbers from 1200 to 900 cm−1 (at approximately
1165 and 1030 cm−1). Although the spectra ofSyn. Green
and Syn. Red are similar to those obtained with filame
from the cyanobacteriaCalothrix sp. (size of 1 mm×
5 µm thick)[20], specific features occur between 1500 a
1200 cm−1.

FTIR spectroscopy of freeze-dried cells was found to
a sensitive tool for the study of microbial cell surfaces[44].
Recently, FTIR spectroscopy was applied for the iden
cation and characterization of bacteria suspension (see[42]
and references therein). It was shown that the IR spectru
unique to certain strains. However, it is still unclear whet
biochemical changes in the growth stage cause differen
spectra and how sensitive IR spectra reflect the protona
or deprotonation process.

Haas[45] revealed that media composition and cultu
age do not influence the acid–base behavior of Gr
negative bacteriaShewanella. However, differences in de
protonation constants and the concentrations of functi
groups arise when culture conditions were changed f
aerobic to anaerobic.

By combining the IR data with comparisons of pKa

values of functional groups, tentative assignments of fu
tional group identity can be made. On the cell surface
both picocyanobacteria strains we hypothesize the p
ence of carboxyl groups (pK = 4.85, 4.98), phosphory
groups (pK = 6.56, 6.69), and amine groups (pK = 8.76,
8.66).

The overlap in deprotonation constants across the
strains, coupled with similarities in the magnitude of to

surface densities, suggest that a common surface chemistr
may be used in biogeochemical models involving cyanobac-
teria, thereby simplifying the modeling tasks.
proteins and polyphosphate storage products

4. Summary

In this study, the surface properties of two picocyanob
teria strains from two lakes were experimentally exami
by measurements of zeta potential, potentiometric titrat
and infrared spectroscopy. The results demonstrated tha
deprotonation of picocyanobacterial cells surface is a
versible process. Modeling results, data on zeta potentia
IR spectra are consistent with the presence of three dis
surface sites on the bacterial surface, corresponding to
boxyl, phosphate, and amine groups with a total concen
tion of 7–17× 10−4 mol/g. The carboxyl group dominate
the surface sites in bothSyn. Green andSyn. Red strains with
37 and 44%, respectively, although the amine groups re
sent 36 and 29% as well. The smaller fraction of phosp
was similar in both strains with 27 and 26%. Our results
the deprotonation constants for the different sites are co
tent with the findings of other studies.

During the picocyanobacterial bloom (cell numbers ab
3.4 × 105 cells/ml) in oligotrophic lakes, the total conce
tration of functional groups amounts to 3.5× 10−4 mmol/l.
The zeta potential measurements have shown that p
cyanobacteria are negatively charged at a pH range bet
6 and 7, which is typical for natural surface water. Calci
cations can therefore be easily attracted. On the other h
the presence of amine groups on the cell surface influe
the carbonate anions. Both reactions are important in the
cleation of calcite on the cell and may be key processes
the calcite precipitation in lakes.

Due to the dominance of carboxyl groups on the cell s
face, picocyanobacteria can play an important role in m

ycycling in aquatic systems. For that reason, picocyanobacte-
ria have a general potential for applications such as reducing
metal concentrations at polluted sites. However, reaping this
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potential requires further investigation of the cell surfa
characteristics and the development of techniques to e
tively cultivate picocyanobacteria.
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