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Abstract

In order to clarify the role of picocyanobacteria in aquatic biogeochemical processes (e.g., calcite precipitation), cell surface properties
need to be investigated. An experimental study of the cell surface characteristics $ftwohococcutype unicellular autotrophic pico-
cyanobacterial strains was carried out. One strain was isolated from Lake PI6n and contained phycocyanin, the other strain came from Lago
Maggiore and was rich in phycoerythrin. Potentiometric titrations were conducted to determine the different types of sites present on the
bacteria cell walls. Infrared spectroscopy allowed characterization of the various functional groups(R-KIOH, R—OH, R—-P§) and
investigations of zeta potential provided insight into the isoelectrical points of the strains. Titrations reveal three distinct sites onighe bacte
surfaces of phycocyanin- and phycoerythrin-rich strains wikhvalues 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 6f2/B.4+ 1.6 x 10~4, 1.9+ 0.5/4.44+0.8x 104, and
2.5+ 0.4/4.84+ 0.7 x 10~4 mol/g of dry bacteria. The deprotonation constants are similar to those of bacterial strains and site densities are
also within an order of magnitude of other strains. The phycoerythrin-rich strain had a higher number of binding sites than the phycocyanin-
rich strain. The results showed that picocyanobacteria may adsorb either calcium cations or carbonate anions and therefore strongly influence
the biogeochemical cycling of calcite in pelagic systems.
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1. Introduction picoplankton plays an important role in calcite precipita-
tion in oligotrophic lakeqd8]. One possible mechanism is
a two-step process, during which calcium cations first bind
to the cell surface, followed by the diffusion of hydroxyl
ions through the cell membrane as a result of an uptake of
HCO; by photosynthesi§d]. Although the observation of
fast and reversible Ca adsorption on picocyanobacteria cells
in in situ microscopic study10] supports this mechanism,
the detailed steps of the precipitation of minerals and cells
remain unclear.

Knowledge of cell surface properties is crucial to under-
stand the calcite precipitation. The concentrations and char-

* Corresponding author. Fax: +41-41-349-21-68. acteristics of proton-active carboxylic, phosphoric, phospho-
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Cyanobacteria are photosynthetic prokaryotes commonly
found in soils and freshwater. They are an important compo-
nent of marine phytoplankton and contribute significantly to
the overall primary production in ecosystems of all climatic
zoneq1,2]. Cyanobacteria often dominate the picoplankton
community in oligotrophic systenj8—6].

Picocyanobacteria are increasingly investigated due to
their ecological significancg]. Recent studies indicate that
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faces play an extremely important role in this respect, as theyidentity, abundance, and acid-base properties of binding sites

are responsible for the surface binding capacity. on the surfaces of two different picocyanobacteria strains.
Despite numerous investigations carried out on cell sur- A combination of in situ infrared spectroscopy, potentio-

faces during the last decade, a general model of cell sur-metric titration, and zeta-potential measurements was car-

face characteristics does not exist. Most bacteria in marineried out on intact cells oBynechoccocutype blue-green

and freshwater settings are Gram-negafilE]. Neverthe- phycocyanin (PC)-rich and red-pigmented phycoerythrin

less, until the late 1990s investigations of solute adsorption (PE)-rich strains. The experimental data were used to iden-

onto microbial surfaces focused on Gram-positive aerobic tify the dominant functional groups and to determine the

bacteria such aBacillus sp., e.g.,[12-14] These studies concentration and acidity of the cell surface sites.

showed that metal-bacteria complexes had high thermody-

namic stabilities, which are comparable to those of common

organic ligandg15,16] The free surface energy calculated 2. Methods

from contact angle measurements on dry microbial lawns

could not be related to the Gram-character of some bacter-2.1. Picocyanobacteria growth

ial straing[17]. Yee and Feij18] proposed that all bacterial o ) )

species might be represented by a simple generic thermo- Gréen (rich in phycocyanin) and Red picocyanobac-

dynamic model for purposes of modeling metal transport in t€ria (rich in-phycoerythrin)Synechococcuiype strains
natural environments. were used in all experiments presented here. The sam-

ples were isolated from the water column of two stratified
lakes: the Ploner See and Lago Maggiore (courtesy of C.
Callieri). Cells were grown as batch cultures using modi-
fied Z/10 medium (5.9 mg Ca(NGs), - 4H,0, 46.7 mgl
NaNGs, 4.1 mgl KoHPO, - 3H,0, 2.5 mgl MgSO; -
H20, 168 mgl NaHCQ;3, 11.45 mgl Na-EDTA, 3 mg/l
eSQ - 7TH20, 248 ugl H3BO3, 135 pugl MnSO;4 - H20,

7.2 ug/l (NH4)s - Mo7004 - 4H,0, 23.2 pgl ZnSQOy - 7H,0,

12 pg/l Co(NOg3)2 - 6H20, 10.4 pg/l CuS@®- 5H,0) under

a 14 k10 h light/dark condition, with a light intensity of

. 2 . .
of Gram-negative bacteria has recently increased quite Sig_apprommately 10 pEm S).' Cglls n the. stationary grqvvth
phase were used for the titration experiments. Cell viability

nificantly [20—-22] It has been suggested that Gram-negative o ; : .
: ; : ...__was verified using epifluorescence microscopy.
bacteria should have less reactive sites than Gram-positive gep Py

cells[23]. However, Sokolov et al24] found that the site
densities of Gram-negativBhewanella putrefaciensere
higher than those of Gram-positiBacillus subtilig14]. On
the other hand, Haas et §5] reported a stability constant

However, Gram-positive and Gram-negative bacteria dif-
fer significantly in their cell membrane structure and compo-
sition. The cell walls of Gram-positive bacteria are relatively
simple and consist predominantly of a rigid peptidoglycan
framework. In contrast, the cell walls of Gram-negative bac-
teria are complex and have an outer membrane covering a’7:
thin layer of peptidoglycafil9]. Therefore studies focusing
on Gram-positive species can only provide limited informa-
tion regarding the properties of Gram-negative strains.

The number of studies examining the surface chemistry

2.2. Preparation of cells

The cultures were harvested by centrifugation at 2000
) f ; for 10 min at 20C. The medium was decanted and the
of the uranyl ion on carboxyl sites that is almost three or- ¢, \yere resuspended in 0.001 M EDTA. After further cen-

ders of magnitude lower than that f&acillus ceIIs.[14]. trifugation at 700@ for 10 min, the EDTA solution was
The X-ray photoelectron spectroscopy (XPS) studies on de'decanted; the cells were resuspended in 0.1 M Nahi@

hydrated freeze-dried cells of 210 strains, showed that thecentrifuged under the same conditions listed above. The
Gram character of bacterial strains was not reflected in thewashing procedure in NaNQwas repeated four times and

group distribution of the elemental surface concentration he cells were finally batched and resuspended in 50 or 10 ml
ratios (N/C, O/C, and PC) [26]. No convincing relation-  of the 0.1 M NaNQ.

ships have been found however for Gram-negative bacteria
between XPS data and other physicochemical cell surface2 3. Electrophoretic mobility investigations
properties[27]. Therefore it is still unclear to what extent

generalizations can be made about the cell surface proper- The electrophoretic mobility of the suspensions was mea-
ties of Gram-negative and -positive bacteria. sured using a Zetasizer 3000, Malvern Instruments. The zeta
The objectives of the present study were to clarify this potential was calculated from the measured mobility accord-
discrepancy by characterizing the surface of Gram-negativeing to the Smoluchowski equation. Ready-to-use syringes
picocyanobacteria. The characterization of picocyanobacte-with a zeta transfer potential standard (silica colloids) of
ria surface properties is necessary to reveal their role in the—50+ 5 mV from Malvern Instruments were used for cali-
biogeochemistry of aquatic systems, particularly for mineral bration. Approximately 10 ml of washed bacterial suspen-
precipitation. Until now, the cell surface of small coccoid sion (0.5 gl) was added to 0.1 M NaN§ The pH was
phototrophic picocyanobacteria has not been investigated inadjusted to the required value using dilute HNG® NaOH.
that respect. The aims of this study were to determine the The suspensions were stirred and conditioned until the pH
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stabilized. The suspensions were then transferred to the elecline. A magnetic stir bar was also added to the vessel. The
trophoresis cell for measurements. Approximately 10 read- whole system was then degassed for 30—40 min to exclude

ings were taken. The average values are reported here. atmospheric C@ Following the degassing procedure a posi-
tive pressure of Blwas maintained by allowing a gentle flow
2.4. Potentiometric titration of N2 into the headspace during the titration.
The bacterial aliquot was then titrated quickly to pH 2.9
2.4.1. Solutions with 0.1 M HCI. The buret exchange unit was subsequently

All solutions were prepared through analytical measure- changed and the titration of the aliquot with NaOH up to
ments to determine molar concentrations. The solutions pH 10 began. The total time for each titration was approxi-

were subsequently degassed with fér 20 min to dissi- mately 40 min.

pate @ and CGQ. The NaNQ solutions were prepared by Some titrations were reversed by conducting an acid titra-
weighing a known amount of NaNQOThe concentration of  tion, which immediately followed the base titration. The
NaNGQ; used in this experiment was 0.1 M. results of reversed titrations were not significantly differ-

The NaOH solution was prepared according to the fol- ent from the forward titrations suggesting reversibility of the
lowing method: approximately 0.1 M solution was prepared proton adsorption—desorption reactions.
from NaOH using degassed 18Mwater. The exact NaOH
concentration was determined prior to the titration experi- 2.5. Data analysis
ment through the titration of three 5- or 10-ml aliquots with
standard 0.1 M HCI. The three runs had a relative standard  The titration data are expressed in the form of charge ex-
deviation of 1%. cess versus-log[H™], where the charge excess is calculated

by the equation

2.4.2. Titrator setting

Deprotonation constants and surface site concentrationsH lex=Ca — Cg — [H" ]+ Kw/[H"],
were determined from acid—base titrations of bacterial sus-
pensions in a background electrolyte of 0.01 M NajNall
titrations were performed in a glass vessel with a lid as part
of a Metrohm GP 736 Titrino unit interfaced by Titrino soft-
ware TITRINET to a personal computer. TWo separate buret 40 of sorption sites in order to determingpvalues
exchange units with 20 and 10 ml were used, one for the acid ;4 site densities for binding sites on the bacteria surface.
and one for the base. We also used a Metrohm titrator vesselrpo 4¢iq hase titration experiments were modeled after the
lid. The temperature was recorded with a temperature Sen'FITEQL 4 optimization routind28] using the constant ca-
sor; the error of the temperatgre probe' was"@1The pH pacity model to determine the intrinsic deprotonation con-
electrode was three-point calibrated with buffers (pH 4, 7, stants and surface site densities.
and 10) before each experiment, and the slope was CoNsis- g gpecific surface area®ynechococcusas estimated

tentlr): 99% of the Nernst value. dwith & d -« moge USiNg @ geometric approach and measurements of external
T efT|tr|t:10 EJ“"WaS pr:??]rag‘é“fj r‘]N't a g/lnamm mo ? dimensions of viable bacteria by atomic force microscopy.
(DYN) for the titration, which added the variable amount o The average long and short axes $fnechococcuPCC

t@trant according to the pH changes: the smaller volume of 7g,5 \vare measured at 2.3 and 0.5 pum, respectively. These
t|Frant_ was add_e_d at the slope of the pH curve. The Succ_es'particular size parameters of cells were used for all strains.
sive fitrant addm(_)ns were made only when the signal drift gaseq on the estimation of the cell number from the optical
reached 10 mymin. density measurement and the known dry weight of the sus-
pension from the relationship between weight and cell num-

2'41'_::’1' B_actenal Itltratuzjn f_ librated ioned ber, we obtained specific surface areas of 76 and 88&ym
e titrator electrode was first calibrated as mentione for wet Syn Green andyn Red strains, respectively.

above. The optical density (OD 630 nm) of the bacterial The FITEQL 4 fits data to a specific function of variance

suspension in the NaN{Qelectrolyte solution was mea- V() between experimental data and the model
sured prior to each titration run. The measured absorbance

was compared to a prepared calibration curve to determine Z(Ycalsc;Yobs)z

the concentration of bacteria (in iy and the bacterial V(Yy)="—"—"%% ~ (2)
cell numbers (celld). The dry weight of bacteria was de- Mpftil — ta

fined by drying at 65C until a constant weight was at- where Yy is the calculated value/yps is the experimen-
tained. The absorbance used was in the range of 0.41-0.81tal value, Sops is the error associated with the experimental
which corresponds to 0.063-0.122 g of bactérigh known data,np is the number of data points, is the number of
amount of bacterial suspension, approximately 50 ml, was adjustable parameters in the model, amdis the number
then transferred to the titration vessel, which was immedi- of components for which both the total and free (dissolved)
ately attached to the lid setup connected with thedds concentrations are known.

whereCa andCg are concentrations of acid and base added,
[HT] is obtained from the measured proton concentration,
and Ky is the stability constant for the dissociation of water.
It is necessary to model the™Hexchanged due to depro-
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The variance is thus a quantitative estimate of success inapproximately at pH 5. At this pH the concentration of neg-
describing the data with a specified model. A value range atively charged surface sites is equal to positively surface
of 0.1 < V(Y) < 20 represents a good fit. Implicit in this charged groups, which are most probably amine groups. As
modeling approach is the assumption that surface charge ighe pH decreases from this point, the base surface groups
homogeneously distributed over the bacterial surface, giving protonate, thus generating electropositive potential at the cell
rise to a relatively simple behavior of the electric field. Inthis surface. It is interesting to note that at a pH of between 7
study, we neglect the effect of heterogeneities in the bacterialand 8, the surfaces of picocyanobacteria in natural water will
surface electric field, although previous studiesBaillus carry a negative charge. Electrostatic interaction between
subtilis revealed a higher concentration of surface sites on cells and metal cations promotes adhesion to the bacteria

the bacteria tip§29].

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

ATR-IR measurements were performed on a Bio-Rad
FTS 45 Fourier transformation infrared (FTIR) spectropho-
tometer with a 32000 data station. Scans=(256) with
resolution 1 crm! were collected for each suspension spec-
trum of washed bacteria in 0.1 M NaNOThe suspension
(appr. 0.5 gl) was left to settle for 1-2 h; the spectra were
then measured. The spectrum of 0.1 M NajN@s used as a

surface. Further studies are necessary to quantify the adsorp-
tion of metals onto the cell surface.

3.2. Potentiomentric titrations

Fig. 2shows the titration curves f@yn Green cells fol-
lowing the transformation to the charge balance expression
of four replicate titrations. Consistent trends are observed
for the titration curves in each set. These results demonstrate
that while some surface variability can occur with the same
bacterial strain (analogous to aging or subtle preparatory dif-
ferences for mineral solids), reproducible quantitative titra-

background. The base-line shift of the spectra was correctedy;;, o rves for estimates of surface characteristics can be

using the MATLAB application (The Math Works, Inc., Na-
trick, MA, USA).

3. Resultsand discussion

3.1. Zeta potential of bacteria

The zeta potential measurements reveal that picocyano-t

bacteria exhibit a net positive charge of the surface be-
low a pH value of approximately 5-{g. 1). Unlike pico-
cyanobacteria, the surfaces of investigaBattillus sp. are
negatively charged under broader pH conditions (B3€§;
2.4-10[31]). An isoelectric point of picocyanobacteria is

35

The titration curves irFig. 3 are displayed in compar-
ison to the titration of the electrolyte. It is clear that the
presence of bacteria influences the buffering capacity of the
electrolyte. This buffering is due to the functional groups
on the bacterial surface, which consume added base by los-
ing their protons. However, the bacterial suspension displays
relatively weak inflection points. This behavior has been at-
ributed to the existence of several functional groups with an
overlapping range of pH over which they deprotor{8&.

The results of the titration experiments were used to
generate an optimal description of the numbers, concentra-
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Fig. 1. Zeta potentials of two picocyanobacterial strains in 0.1 M Na&©

a function of pH.
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Fig. 3. Acid-base titration data from the titration performed usBym Fig. 4. Potentiometric titration curve f&yn Green at 0.26 4. Also shown
Green. Also shown is the titration curve for the electrolyte in the absence of are FITEQL regressions (lines connecting data points) for different models
bacteria. of the cell surface. The dot—dash line corresponds to the model based on

one acidic and one basic site. The solid line corresponds to the three sites

tions, and thermodynamic properties of ionizable functional M°de! Pased ontwo acidic sites and one basic site.

groups on the bacterial surface. . o _ .

Specific adsorption of electrolyte ions onto the bacterial it to the titration data compared with the previous model
surface was not considered, as it would require titration ex- (Fig- 4 Table J. This observation is consistent with results
periments over a range of several orders of magnitude with from previous studies on Gram-positive and Gram-negative
respect to electrolyte concentration. The bacterial surface,Pacteria (see reviews [20,23). Cox et al[35] and Sokolov
however, reacts sensitively to extreme shifts of salinity: cells ©t &l-[24] proposed a five-site model based on discrete affin-
may undergo spontaneous lysis in solutions with low ionic Ity Spectra for Gram-positiv8acillus and Gram-negative
strength, while the membrane-mounted proteins tend to sol-Shewanella putrefacienslowever, Cox et al35] suggested

ubilize at significantly higher ionic strengtfa3,34] that two of their distinct sites could be of the same functional
group, which they assigned to carboxyl moieties. Sokolov
3.3. Functional groups on the cell surface et al.[24] proposed the presence of phosphodiester sites at

low pH with separate f, values for amine and hydroxyl
Table 1summarizes the results of FITEQL optimizations 9roups at higher pH. Conversely, Pagnanelli efz4] iden-
for the titrations of two picocyanobacterial strains based on fified only two groups on the surface @irthrobacter sp.
two-site (acidic and basic site) and three-site models (two (PK1 = 6.9 and K> = 10.1), which they assigned to phos-
acidic sites and one basic site). Proton dissociation from the Phoryl and amine groups.

cell surface can be described by the reactions Results obtained for two bacterial strains are shown in
Table 2 along with data from other studies. Through com-
SiH < >S; + H™ (acid reaction) parison of the mean values of three sites in the present
and strains ofSyn Green and Red with those from previous stud-
ies [20,35] and from known functional groups, sites with
SHY < >$; + H* (base reaction), pK1 = 4.8 and 5.0 can be assigned to carboxy §p= 2—6),

where>S; and>S; represent the acid- and base-type sites While those with [K> = 6.6 and 6.7 are assigned to phos-
of bacteria, respectively.

The results obtained with this approach reflect the aver- Table 1
age properties of a heterogeneous population of functional Deprotonation constants as calculated by FITEQR8}

units. The calculated parameters behave as if they were of aviodel pK; of sitesi
single functional type. This simple approach was success- Syn Green Syn Red
fully applied to titration studies on Gram-positive bacte- pK, pK, pKs V(Y)2 pK, pKs pKs V(Y)3
ria[12,13]and Gram-negative bactelt8,23,25] 2 sites:
The models that considered the cell surface as a monopro-1 acidic+ 1 basic 505 666 — 11 511 756 — 13

tic acid or base failed to reproduce the titration data. A model 3 sites:

separating two discrete sites with acidic and basic proper-2 acidic+ 1basic 485 656 876 3 498 669 866 5
ties converges for the titration data. A three-site model (two 2 variance as calculated by FITEQL; see Etj. A value range of @ <
acidic groups and one basic group) provided an improved V(¥) < 20 represents a good fit.
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Table 2

Comparison of deprotonation constants in 0.1 M NaNi@tween the present strains and other strains of bacteria for which data is available

Reference Species nd pK1 pK> pK3

This study Syn Green 4 485+0.31 656+ 0.2 876+ 0.06
Syn Red 4 498+ 0.16 669+ 0.39 866+ 0.21

[23] Unknown Gram-negative 6 .3+0.2 6.9+ 0.5 89+ 0.5

[25] S putrefaciensGram-negative 3 A6+0.04 722+0.15 1004+ 0.67

[20] Calotrix cell 47+04 6.6+ 0.2 91+0.3
Calotrix sheath 8+0.3 6.5+0.1 87+0.2

[12] B. subtilis, Gram-positive 18 8+0.14 69+0.5 9.4+0.6

2 Number of titration experiments.

phoryl (pKa = 5.6—7.2). The remaining values offs = 8.8 functional groups appears to be individual for each strain.
and 8.7 in theéSyn Green and Red strains, respectively, are The estimated size concentrations obtained from the one
within the ranges of phenolic (hydroxyl A = 8-12) and base-two acid site (b—a—a) model were normalized with

amine (X5 = 8.6—9.0) groups. dry mass of bacteria in each titration to yield surface site
densities, which were 2.4 0.4/7.4+ 1.6 (carboxyl site),
3.4. Concentrations of surface sites 1.940.5/4.44+ 0.8 (phosphoryl site), and 2450.4/4.8+- 0.7

(amine/hydroxyl site) 10* mol/g, respectivelyTable 3dis-
It has been shown that surface site densities can vary sig-plays a compilation of site densities determined for the
nificantly depending on the growth phase of bacteria; i.e., present strain, along with data from the literature on other
the exponential phase yields higher site concentrations thanstrains[23]. Site densities are provided in terms of moles of

either stationary or sporulated pha$@g]. Haas et al[25], sites per gram of bacteriddble 3.
however, recently demonstrated that the acid—base behavior Daughney and Feifil3] found that different strains of
of the Gram-negativE€hewanella putrefacieris largely in- Gram-positive bacteriBacilluspossess carboxyl site densi-

sensitive to variations in culture age and media composition. ties in a range of 8120 x 10~4 mol/g bacteria. Haas et
The cells in our study were harvested following three days in al. [25] estimated a carboxyl density of0x 10~4 mol/g
the stationary phase, similarly to the growth phase of other for S. putrefaciens compared with our estimated range of

studies inTable 3 2.6-7.4 x 10~* mol/g for the strains.

When compared witlsyn Green,Syn Red has a higher Our estimate of the concentration of phosphoryl groups
total site concentration (16 x 10~* mol/g), which is on the picocyanobacteria surface9344 x 10~ mol/g)
slightly higher than that of the Gram-negative str@adotrix is similar to that known from previous studies on Gram-
(14.6 x 10~* mol/g) [38], as well as an unknown strain from  negative bacteriaTable 3. According to Daughney and
the genusEnterobacteriacead12.7 x 10~4 mol/g) [23]. Fein[13] and Fein et al[12], Gram-positive bacteria posses

The overall pH-buffering capacity of other picocyanobac- higher phosphoryl groups @83 x 10~* mol/g). It is in-
teria strains appears to be of the same order of magnitude aseresting to note that thekp value is also similar in all
that of other Gram-negative bacteritable 3. The lowest studieq23].
values were those reported by Haas ef2dl] for Shewanella Both amine and hydroxyl groups may be responsible for
putrefaciensalthough Sokolov et a[24] reported a value  the estimated g3 values. The total surface charge estimated
of 17.7 x 10~* mol/g for the same strain. Gram-positive ~from the concentrations of surface groups is slightly negative
cells have been expected to possess more buffering capacityvith pH values between 4 and 5 in the presence of hydroxyl
than their Gram-negative counterparts because the Gram-groups Table 9. However, the zeta measurements showed
positive cell envelope is surrounded by a thick external layer that the cell surface is positively charged at{pH, leading
of peptidoglycan (PG). The PG layer in Gram-negative cells to the conclusion that the third functional group should con-
is much thinner than what is typical for Gram-positive bacte- sist of an amine group.
ria. In Gram-negative cells, the PG is surrounded by an outer ~ Our investigation indicates an amine group component to
membrane, the outer aspect of which is composed largely ofpH buffering that has been previously unreported for Gram-
lipopolysaccharide (LPS). The latter is thought to play an positiveBacillus[12] and observed for Gram-negati@he-
important role in metal binding to the cell exteri@5,39] wanella[25]. The amine site concentration density is higher
It can be shown that the two Gram-positive bacteBiacil- (2.5-48 x 10~* mol/g) than that ofShewanellg25] (Ta-
lus licheniformisandBacillus subtilishave higher total site  ble 3. Borrok et al[21] showed that acid washing similar to
concentrations when compared with some Gram-negativethat in the experiments of Yee and F¢i8] irreversibly af-
strains. fects the cell wall. Consequently, the adsorbance capacity of
Although the total site densities for all investigated strains Gram-negative bacteria may be overestimated.
are of the same order of magnitude (implying similarities Finally, the majority of previous studies have also used
in total surface site densities), the distribution between the freeze-dried cells, with the exception of those from Fein et
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Table 3

Comparison of surface site concentrations in 0.1 M Ngh€xween the present strains and other strains of bacteria for which data are available

Reference Species Ctot C1 Cy C3

This study Syn Green, Gram-negative R 26+04 194+05 25+04
Syn Red, Gram-negative 1% 74+16 44+0.8 48+0.8

[23] Enterobacteriaceae, Gram-negative 712 50+0.7 22+0.6 55+22

[25] S putrefaciensGram-negative as 032+0.02 009+0.01 038+ 0.01

[20] Calotrix cell, Gram-negative 14 328+0.27 414+ 0.31 7.16+0.97
Calotrix sheath B3 046+0.17 045+ 0.09 092+ 0.22

[12]2 B. subtilis, Gram-positive 25 12+1 44402 6.24+0.2

[13]2 B. licheniformis Gram-positive 29 89+38 83+46 127+ 6.8

Note Concentrations of the surface sites expressed aé /g of dry bacterial biomass.
2 Reported in Ngwenya et R3], recalculated to g of dry weight of bacteria.

— T T T _ T
al. [12]. Daughney and FeifiL3] and Ngwenya et al[23] — Syn. Green

i 0049 ... Syn. Red ]
found that the use of wet or freeze-dried cells does not

. . - - -PCC 7942

produce different results. Our results demonstrate that pic- T
ocyanobacteria posses a significant number of functional 003
groups on their cell surfaces. As picocyanobacteria can dom-
inate phytoplankton communities in freshwater or marine
systems, they may play an important role in adsorption of
metals in those environments.

0.02 4

absorbance

3.5. Infrared spectroscopy 0014

The ATR-IR spectra contain information on the molecu- 000
lar level of functional groups present on cells. Despite the
complexity of spectra, some characteristic peaks can be as- 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
signed. The infrared bands are composed of a combination
of peaks from protein, lipid, and carbohydrate functional
groups. The spectral features for bacterial cells are well es-Fig. 5. Infrared spectra of PCC 7948yn Green andSyn Red collected
tablished40,41] Recently, infrared bands of cyanobacteria in 0.1 M NaNGQ; electrolyte solution. Se@able 4for specific band assign-
have been investigated (e.§ynechococcuBCC 794242] ments.
and filamentoug€alothrix sp.[20,43)).

The investigated strains in this study @gnechococcus the two amide bands were observed in spectra of the freeze-
types of picocyanobacteria. In order to compare the IR spec-dried oral streptococcal strains cells].
tra of the investigated strains with the known data from liter- ~ The peaks near 1400 crhare characteristic of symmet-
ature, we measured the IR spectrunSghechococcuBCC ric vibration versus COO-frequencies of amino acid side
7942. This spectrum is addedFdy. 5, which shows the IR chains and free fatty acids. The amide Ill group was found in

wavenumber, cm’

spectra ofSyn Green and Red. PCC 7942 an®yn Green at approximately 1455 crhbut
The functional groups of cyanobacteria and correspond- seems to be concealed by strong polysaccharide vibrations
ing infrared frequencies are summarizedrable 4 It must in Syn Red. The most significant differences occur within

be taken into account that a clear distinction between cell the range 1200-1500 cth. Absorption at approximately
surfaces and the inner cell is not possible. The ATR-IR beam 1242 cnt! corresponds to the asymmetric phosphodiester
penetrates approximately 5 um into the material, which is stretching (B-O) of the nucleic acid$40]. This feature is
similar to the diameter of cyanobacteria. very pronounced in spectra of PCC 7942 &yh Green, but
Examination of spectra reveals both the similarities of overlapped in the&syn Red spectrum. Another nucleic acid
spectra and a number of spectral regions, which can ac-phosphodiester peak at 1080 th{symmetric stretch £O)
count for the chemical differences between the strains. Inis represented in all spectra, although at this region (1200-
the region 2000-1500 cn the spectra are dominated by 900 cnt!) the stretching (C—-O—C) vibrations of polysaccha-
absorbance from the peptide backbdd8]. The amide | rides (glycogen) dominate the absorbance.
group presents characteristic absorption at approximately Below 2000 cn! the main lipid band can be found
1650 cnt! (C=0 stretching), while the amide Il group was at approximately 1740 cnt (C=O ester stretching vi-
observed at approximately 1540 th These two features  brations) and is derived primarily from the ester linkage
are very characteristic for cyanobacterial cé1g2,43] and of the fatty acids (aliphatic monocarboxylic acids). FTIR
were also found in this study. Also interesting to note, that spectra contain prominent features derived from carbohy-
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Table 4
List of band assignments
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Wavenumber (cm?)

Assignment

Comments

~ 1740

~ 1650
~ 1540

~ 1455

~ 1398

~ 1240

~ 1200-900

~ 1080

v>C=0 of ester functional groups primarily from
membrane lipids and fatty acif46]

vC=0 of amides associated with proteids,48]

SN—-H of amides associated with proteid§,48]

8acCH2/85cCHg3 of proteins[49]

8acCHa2/83cCH3 andvsC—O of carboxylic
groups[47,49]

VagP=0 of the phosphodiester backbone of nucleic
acid (DNA and RNA)

vC-O-C of polysaccharidg49,50] ~ 1165,
~ 1110, 1050, 1030 for C-O

vsP=0 of the phosphodiester backbone of nucleic

Usually called the amide | band

Usually called the amide Il band, may also contain
contributions from &N stretches

The positions of these broad peaks vary in the
literature, called the amine Ill band

The positions of these assignments vary in the
literature

General phosphoryl groups

The predominant polysaccharide in cyanobacteria
is glycogen

May also be due to the presence of phosphorylated

acid (DNA and RNA)[47,50] proteins and polyphosphate storage products

drate adsorption bands that spread over approximately 3004. Summary

wave numbers from 1200 to 900 c (at approximately

1165 and 1030 cm'). Although the spectra ddyn Green In this study, the surface properties of two picocyanobac-
and Syn Red are similar to those obtained with filaments teria strains from two lakes were experimentally examined
from the cyanobacteric€alothrix sp. (size of 1 mmx by measurements of zeta potential, potentiometric titration,
5 pm thick)[20], specific features occur between 1500 and and infrared spectroscopy. The results demonstrated that the
1200 cnm L. deprotonation of picocyanobacterial cells surface is a re-

FTIR spectroscopy of freeze-dried cells was found to be versible process. Modeling results, data on zeta potential and
a sensitive tool for the study of microbial cell surfag¢44]. IR spectra are consistent with the presence of three distinct
Recently, FTIR spectroscopy was applied for the identifi- surface sites on the bacterial surface, corresponding to car-
cation and characterization of bacteria suspension[&de  boxyl, phosphate, and amine groups with a total concentra-
and references therein). It was shown that the IR spectrum istion of 7-17x 10~* mol/g. The carboxyl group dominates
unique to certain strains. However, it is still unclear whether the surface sites in boByn Green andyn Red strains with
biochemical changes in the growth stage cause different IR37 and 44%, respectively, although the amine groups repre-
spectra and how sensitive IR spectra reflect the protonationsent 36 and 29% as well. The smaller fraction of phosphate
or deprotonation process. was similar in both strains with 27 and 26%. Our results on

Haas[45] revealed that media composition and culture the deprotonation constants for the different sites are consis-
age do not influence the acid—base behavior of Gram-tent with the findings of other studies.
negative bacteridhewanellaHowever, differences in de- During the picocyanobacterial bloom (cell numbers about
protonation constants and the concentrations of functional 3.4 x 10° cells/ml) in oligotrophic lakes, the total concen-
groups arise when culture conditions were changed from tration of functional groups amounts td3x 10~ mmol/I.
aerobic to anaerobic. The zeta potential measurements have shown that pico-

By combining the IR data with comparisons oKp cyanobacteria are negatively charged at a pH range between
values of functional groups, tentative assignments of func- 6 and 7, which is typical for natural surface water. Calcium
tional group identity can be made. On the cell surface of cations can therefore be easily attracted. On the other hand,
both picocyanobacteria strains we hypothesize the pres-the presence of amine groups on the cell surface influences
ence of carboxyl groups = 4.85, 4.98), phosphoryl the carbonate anions. Both reactions are important in the nu-
groups (K = 6.56, 6.69), and amine groupsKp= 8.76, cleation of calcite on the cell and may be key processes for
8.66). the calcite precipitation in lakes.

The overlap in deprotonation constants across the two Due to the dominance of carboxyl groups on the cell sur-
strains, coupled with similarities in the magnitude of total face, picocyanobacteria can play an important role in metal
surface densities, suggest that a common surface chemistrgycling in aquatic systems. For that reason, picocyanobacte-
may be used in biogeochemical models involving cyanobac- ria have a general potential for applications such as reducing
teria, thereby simplifying the modeling tasks. metal concentrations at polluted sites. However, reaping this
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potential requires further investigation of the cell surface [21] D. Borrok, J.B. Fein, M. Tischler, E. O'Loughlin, H. Meyer, M. Liss,

characteristics and the development of techniques to effec-

tively cultivate picocyanobacteria.
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