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The effect of growth phase on proton and metal adsorption byBacillus subtilis
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Abstract—Several recent studies have applied surface complexation models to quantify metal adsorption by
bacterial surfaces. Although these models can account for the effects of many abiotic variables (such as pH
and ionic strength), to date, the effects of biotic variables (such as growth phase) have not been investigated.
In this study, we quantify the effect of growth phase on surface site concentrations, deprotonation constants,
and metal-binding constants by performing acid-base titrations and Cd and Fe(III) batch adsorption experi-
ments using suspensions containingBacillus subtiliscultured to exponential, stationary, and sporulated phase.
For each type of surface site, concentrations and pKa values describing deprotonation decrease as the cells
move from exponential to stationary phase, but remain constant from stationary to sporulated phase. Due to
the variations in site concentrations and deprotonation constants, Cd and Fe(III) binding constants are largest
for stationary-phase cells and smallest for sporulated cells, even though cells in stationary phase adsorb
roughly 5% to 10% less metal (per unit weight) than exponential-phase cells, and roughly 10% to 20% more
metal than sporulated cells. These variations in surface complexation model parameters indicate that any
attempt to predict proton or metal adsorption by bacteria must consider the growth phase of the
population. Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION

The adsorption of metals by bacteria can influence a variety
of geochemical processes. Due to their extremely high surface-
area-to-volume ratio, and due to the presence of specific cell-
wall functional groups with high affinities for dissolved metals,
bacterial surfaces are very efficient metal sorbents (Beveridge
and Murray, 1980; Beveridge et al., 1982; Gonc¸alves et al.,
1987; Beveridge, 1989; Fein et al., 1997; Daughney and Fein,
1998a; Daughney et al., 1998; Fowle and Fein, 1999). Adsorp-
tion of metals by bacteria may affect mineral dissolution and
precipitation (Beveridge et al., 1983; Konhauser et al., 1993;
Fortin et al., 1997; Fortin and Ferris, 1998; Warren and Ferris,
1998), transport of metallic contaminants (Corapcioglu and
Kim, 1995), and formation of some low-temperature ore de-
posits (Savvichev et al., 1986). Further, because metal adsorp-
tion affects the chemical and electric properties of the cell
surfaces, it may also affect their ability to adsorb organics
(Baughman and Paris, 1981; Daughney and Fein, 1998b; Fein
and Delea, 1999) or to adhere to mineral surfaces (van Loos-
drecht et al., 1989, 1990; Yee et al., 2000). In addition to the
reactivity of their surfaces, it is their distribution and quantity
that lead bacteria to influence so many important geochemical
processes. Bacteria are found in almost all fluid-rock systems,
including fresh and saline surface waters (Geesey et al., 1977;
Harvey et al., 1982), groundwaters (Mahmood and Rama,
1993; Corapcioglu and Kim, 1995), deep-sea hydrothermal
systems (Mandernack and Tebo, 1993; Baker et al., 1994), and
deep sedimentary basins (Ghiorse and Wobber, 1989; Yakimov
et al., 1995). Bacteria do not merely exist in these fluid-rock
systems, they proliferate. For example, near-surface flow sys-
tems commonly contain 106 to 108 cells per gram of sediment

(Chapelle, 1993). Bacteria are able to survive and metabolize in
extreme conditions, having been isolated from environments
with temperatures of less than 0°C and more than 90°C, from
systems with pressures approaching 1000 atm, from waters
with pH values less than 3 and more than 10, and from
solutions many times more saline than seawater (Kushner,
1978). In natural environments, bacteria and their extracellular
polysaccharides tend to coat mineral surfaces (Marshall, 1980;
Harvey et al., 1982), such that they represent a significant
fraction of the total surface area exposed to the aqueous phase.
With their ubiquity and their ability to adsorb metals consid-
ered together, it becomes apparent that bacteria have the po-
tential to influence the distribution and transport of mass in
many fluid-rock systems.

Because metal adsorption by bacteria is such an important
geochemical process, adequate predictive models are essential.
Recently, several researchers have used surface complexation
models to quantify the extent of proton and metal adsorption by
bacteria (Gonc¸alves et al., 1987; Fein et al., 1997; Daughney
and Fein, 1998a; Daughney et al., 1998; Warren and Ferris,
1998; Cox et al., 1999; Fein and Delea, 1999; Fowle and Fein,
1999; Fowle et al., 2000; Yee et al., 2000). These models use
a thermodynamic stability constant (K) and mass action law to
describe the adsorption of a certain dissolved species (e.g.,
Pb21, CuOH1, etc.) by a particular type of surface functional
group (e.g., carboxyl, phosphate, etc.). For example, the ad-
sorption of Pb21 by a deprotonated carboxyl group on the cell
wall of Bacillus subtilisis described by the following chemical
reaction and mass action law (Fein et al., 1997; Daughney and
Fein, 1998a; Fowle and Fein, 1999):

RCOO2 1 Pb21 7 RCOOPb1 (1)

K 5
@RCOOPb1#

@RCOO2#aPb21
(2)* Author to whom correspondence should be addressed (daughney@

science.uottawa.ca).
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whereR represents the bacterial cell wall to which the func-
tional group is attached, square brackets represent the concen-
trations of the enclosed surface species (moles per kg solution),
and a represents the activity of the subscripted species. It is
important to note that the above is just one of several important
surface reactions in the Pb-B. subtilissystem. With all relevant
reactions taken into account, and with their corresponding
stability constants corrected for the effects of surface charge
and ionic strength, it becomes possible to predict the extent of
metal adsorption that will occur, regardless of the concentration
of metal, concentration of bacteria, pH, ionic strength, or sys-
tem chemical composition. This point is well illustrated by
Fowle and Fein (1999), who use a surface complexation model
to effectively predict the competitive adsorption of Cd, Pb, and
Cu in a system containing bothB. subtilisandB. licheniformis,
as sorbate-to-sorbent ratio and solution pH are varied.

Although existing surface complexation models can account
for the effects of most, if not all, abiotic variables affecting
metal-bacteria adsorption, the effects of biotic variables have
not been considered. In existing models, the bacterial surfaces
are assumed to have fixed concentrations of functional groups,
each with a fixed stability constant. However, bacteria are
living organisms, and their surface characteristics can vary with
growth physiology and metabolic state (Kjelleberg and Her-
mansson, 1984; Stenstro¨m and Kjelleberg, 1985; McEldowney
and Fletcher, 1986; Stenstro¨m, 1989; van Loosdrecht et al.,
1990; Weiss et al., 1995).

Growth phase is a biotic variable that can affect metal
adsorption by a bacterial population (see Tortora et al., 1995 for
more detail on the phases of microbial growth). For example,
Macaskie and Dean (1984) have found that Cd is most exten-
sively adsorbed byCitrobacter when the cells are in mid-
exponential phase, though they point out that this is likely
related to changes in the chemistry of their experimental sys-
tem. Chang et al. (1997) have reported that Pb is most exten-
sively adsorbed by stationary phasePseudomonas aeruginosa,
and Cd is most extensively adsorbed by exponential phase
cells, but adsorption of Cu is not affected by growth phase.
Using four different species, Friis et al. (1986) found that U is
most extensively adsorbed by populations when they are in
stationary phase. Norberg and Persson (1984) and Shuttleworth
and Unz (1993) have noted that adsorption is affected by the
age of the cell culture, but they do not report growth phase.
Although the effect of growth phase appears to be metal- and
species-specific, to date, this has not been quantitatively inves-
tigated.

In this study, we investigate the effect of growth phase on the
adsorption of H1, Cd and Fe(III) byB. subtilis, a common soil
bacterium. We perform acid-base titrations and batch Cd and
Fe adsorption experiments, using bacterial populations cultured
to exponential, stationary, and sporulated phase. In each case,
we describe the experimental data by using surface complex-
ation models, with the aim of quantifying any variation in the
surface site concentrations and proton- and metal-binding con-
stants associated with changing growth phase. Our objective is
to determine a set of surface complexation model parameters
that apply to each of the three growth phases, in order to
facilitate geochemical modeling of complex natural systems.

2. METHODS

2.1. Growth Procedures

B. subtiliscells were obtained from T. J. Beveridge (University of
Guelph, Ontario, Canada). The bacteria were precultured in 3-mL
volumes of autoclaved (120°C for 20 min) trypticase soy broth (Becton
Dickinson, Mountain View, CA, USA) containing 0.5 wt.% yeast
extract (Becton Dickinson). After growing for 246 0.1 h at 37°C, two
of the 3-mL precultures were transferred to a 1-L volume of autoclaved
broth, which was then placed on an orbital shaker (100 rpm) at 37°C.
Optical densities of the cultures were measured at 600 nm during
growth, in order to determine the time required to reach exponential
and stationary phase. Sporulation was observed by optical microscopy.
Based on the results of these observations (not shown), independent
cultures of bacteria were harvested at 7.56 0.1 h, 246 0.1 h, and 486
0.1 h, for mid-exponential, late stationary, and sporulated phase, re-
spectively. In all cases, the cells were removed from the growth
medium by centrifugation (6000 rpm, 10 min), rinsed three times in
distilled, deionized (DDI) water (18 MV), soaked in 0.001 M ethyl-
enediaminetetraacetic acid for 0.56 0.05 h, then rinsed four times in
0.01 M NaNO3 (the electrolyte used in the experiments). After each
step in the wash procedure, the bacteria were pelleted by centrifugation
(6000 rpm, 10 min) and the supernatant was discarded. This wash
procedure was followed to strip the cell walls of metals that may have
been present in the growth medium, and to leave the bacteria intact,
viable, and in a resting state (Cox et al., 1999; Fein and Delea, 1999).
Here, and in all the procedures described below, all plastic and glass-
ware were sequentially soaked in 10% nitric acid and then in DDI water
prior to use, after Cox et al. (1999).

2.2. Acid-Base Titrations

Within 15 min of the final rinse, a known weight (;40 g) of a
suspension containing bacteria in 0.01 M NaNO3 was placed in an
air-tight polystyrene vessel. The pH was adjusted to roughly 3.5 by the
addition of a weighed aliquot of standardized HNO3, and the suspen-
sion was mixed with a magnetic stirrer and bubbled with CO2-free N2

for 30 min, in order to remove dissolved CO2 from the suspension. The
titrations were conducted in an up-pH direction, using a Radiometer
TTT85/ABU80 autotitrator (Copenhagen, Denmark) with a Ross Sure-
Flow combination electrode (Columbus, OH, USA). Standardized
CO2-free NaOH was used as the titrant, and the suspensions were
mixed and bubbled with N2 as described above. Following each addi-
tion of titrant, the pH of the suspension was recorded when a stability
of 0.1 mV/s was obtained, after Fein et al. (1997) and Cox et al. (1999).
A stability criterion of 0.02 mV/s was also investigated, but later
discarded because it facilitated cell lysis at high pH. After the comple-
tion of each titration, the pH was again adjusted to roughly 3.5 by the
addition of a weighed amount of HNO3, and a second up-pH titration
was conducted to evaluate the reversibility of proton adsorption. Using
this experimental method, titrations of the electrolyte alone displayed a
single inflection point, indicating that the system was free of CO2, and
replicate titrations of sodium acetate agreed with each other and with
theoretical predictions, indicating that the method was precise and
accurate. Titrations of three independently grown bacterial cultures
were conducted for each of the three growth phases. In all cases,
following the second up-pH titration, three weighed aliquots of the
suspension were centrifuged at 6000 rpm for 1 h, the solutions were
discarded, and the pellets were weighed, to determine the wet weight of
bacteria present (after Fein et al., 1997). All weights reported in this
paper refer to centrifuged weights, not to dry weights. For comparison
to earlier work (e.g., reviews by Gadd, 1988; Volesky and Holan,
1995), we also determined the dry mass of bacteria by oven-drying
(60°C) the centrifuged pellets to constant weight. We determined the
ratio of wet to dry weight to be 10.26 0.8 to 1, in good agreement with
the value of 9.96 1.1 to 1 reported by Fein and Delea (1999).

2.3. Metal Adsorption Experiments

Batch Cd adsorption experiments were conducted as a function of
pH (2.3–8.0), solid-to-solution ratio, and growth phase. A homoge-
neous bacteria-Cd suspension was prepared in 0.01 NaNO3 by adding
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a known mass of bacteria (as described above) and 100 ppm Cd (in 0.01
NaNO3/0.2% HNO3) standard solution to a Teflon reaction vessel.
Final Cd and bacterial concentrations ranged from 9.9 to 10.2 ppm and
3 to 8 g bacteria/L. Aliquots (10 mL) of the parent solution were
transferred to polypropylene reaction vessels, and the pH of the sus-
pension in each vessel was adjusted to the desired pH value by using
small volumes of standardized HNO3 and NaOH. The reaction vessels
were placed on a rotating rack that provided gentle (20 rpm) end-over-
end agitation for 2 h. Metal adsorption kinetics experiments in previous
studies have demonstrated that 2 h issufficient for adsorption equilib-
rium to occur (Fein et al., 1997; Fowle and Fein, 2000). The suspension
was then filtered through a 0.1-mm nylon filter. Each filtrate was
acidified and analyzed for aqueous metal content by Inductively Cou-
pled Plasma Atomic Emission Spectrometry (ICP-AES).

The Fe adsorption experiments were conducted over a narrow pH
range (2.4–3.0), as a function of Fe-to-bacteria ratio, in order to avoid
precipitation of Fe(OH)3. A bacterial suspension was prepared in 0.01
M NaNO3, and three weighed aliquots were centrifuged for 1 h to
determine the wet weight of bacteria per unit weight of suspension, as
described above. Known weights (0.5–10 g) of this parent suspension
were transferred to a series of reaction vessels, and diluted to a final
weight of roughly 10 g with varying amounts of 0.01 M NaNO3. A
known weight of a 1000 ppm Fe solution was added to each reaction
vessel to yield an initial Fe concentration of roughly 10 ppm, and the
pH was adjusted with HNO3 as required. Equilibration times and
sampling techniques were identical to those described for the Cd
experiments. The final concentration of dissolved Fe was determined
by flame atomic absorption spectrophotometry. This experimental pro-
cedure was repeated by using two independently grown cultures at each
of the three growth phases.

3. RESULTS AND DISCUSSION

3.1. Acid-Base Titrations

The experimental data, normalized to the wet weight of
bacteria present, indicate that the buffering capacities of sta-
tionary and sporulated populations are very similar, but are
much less than exponential-phase populations (Fig. 1). Note
that: 1) we plot only every fourth data point for clarity, though
we consider all data points in our modeling; and 2) the elec-
trolyte display virtually no buffering in the pH range of our
investigation. For each of the three growth phases, there is good
agreement between the three individual titrations (of indepen-
dently grown cultures), even though the bacterial concentra-
tions varied (10–25 g/L). The stationary- and sporulated-phase
titration data collected here agree very well with the best-fitting
model of Daughney and Fein (1998a) (dashed curves, Fig. 1).
In all cases, the titrations are completely reversible on the time
scale of these experiments (,1 h; Fig. 2; data for stationary-
phase populations are omitted for clarity).

We attempt to fit the experimental data with surface com-
plexation models that assume that the observed buffering is due
to the deprotonation of functional groups on the cell walls. The
cell wall may display several different types of functional
groups (e.g., carboxyl, phosphate, hydroxyl, amine, etc.), which
we designate asL1H, L2H . . . LnH in the following discus-
sion. The deprotonation of the functional groupLnH can be
expressed by the following chemical reaction and mass action
law:

RLnH
07 RLn

2 1 H1 (3)

Kn 5
@RLn

2#aH1

@RLnH
0#

(4)

whereR represents the cell wall to which the functional group

is attached,Kn represents the stability constant describing
deprotonation, square brackets represent the concentrations of
the enclosed surface species (moles per kg solution), anda
represents the activity of the subscripted species.

We use the computer program FITEXP to determine how
many different types of functional groups are required to de-
scribe the experimental data, and to solve for their deprotona-

Fig. 1. Experimental data gathered during acid-base titration ofB.
subtilis cultured to a) exponential, b) stationary, and c) sporulated
phase, normalized with respect to the wet weight of bacteria present.
Different symbols represent different titrations conducted using inde-
pendently grown cultures of bacteria. Solid lines represent best-fitting
models. For exponential phase, model parameters are compiled in
Table 2, row 1; for stationary and sporulated phase, model parameters
are listed in Table 2, row 4. Dashed lines represent the best-fitting
model of Daughney and Fein (1998a), for stationary-phaseB. subtilis.
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tion constants and absolute concentrations. FITEXP is a form
of FITEQL 2.0 (Westall, 1982a,b) modified by J. Lu¨tzen-
kirchen (Department of Inorganic Chemistry, Umeå University,
Sweden; pers. commun., 1998) to allow simultaneous modeling
of systems with different solid-to-solution ratios. Deprotona-
tion constants are referenced to zero ionic strength by using the
Davies equation, and to zero surface charge by using the
constant capacitance double-layer model, with a surface area of
140 m2/g and a capacitance of 8.0 F/m2, after Fein et al. (1997).
Surface site concentrations are expressed in moles per gram of
wet bacteria. In all of our modeling, we optimize for the
deprotonation constants and the site concentrations simulta-
neously. Equilibria describing the dissociation of water, the
acid, the base, and the electrolyte are included in the models,
with stability constants from Smith and Martell (1976). FI-
TEXP calculates the error (Y) in the chemical mass balance
equation as:

Y 5 O
i

aijCi 2 Tj (5)

where the subscripti is used to represent any species andj is
used to represent any component, anda, C, andT represent the
applicable stoichiometric coefficient, free concentration, and
total concentration, respectively. The overall varianceV(Y)
thus provides a quantitative measure of the goodness of the
model fit to the experimental data:

V~Y! 5

O
P,Q

S Y

sY
D 2

nPnQ 2 nR
(6)

where the summation is performed over all data pointsP and
all componentsQ for which both C and T are known. The
standard deviation forY (sY) is calculated by the propagation of
experimental errors associated with the determination ofC and
T. The sum of squares is normalized with respect to the number
degrees of freedom in the system, as determined by the data
points (nP), the number of components (nQ), and the number
of parameters being optimized (nR). For systems containing a
reactive surface, values ofV(Y) from 1 to 20 indicate a good fit
to the data (Westall, 1982a,b), and in the authors’ experience,
values from 20 to 30 indicate an acceptable fit to the data.

We begin by modeling each of the nine titrations individu-
ally. For each titration, it is possible to obtain a good fit to the
data by using a model with three different types of surface
functional groups, withV(Y) less than 20 in most cases (Table
1). The low values ofV(Y) indicate that the three-site model
provides sufficient complexity to describe the experimental
data. Adding a fourth site does not decreaseV(Y), showing that
the additional site is not warranted by the data, and models that
consider only one or two types of cell-wall functional groups
yield excessively large values ofV(Y). Thus one-, two-, and
four-site models are not considered further. Our selection of the
three-site model is in agreement with Fein et al. (1997). By
using discrete affinity spectra, Cox et al. (1999) have described
proton adsorption byB. subtiliswith a five-site model, but they
point out that models with fewer sites would also be possible.
Based on the deprotonation constants determined here (Table
1), relative to those of short-chain organic acids, it is likely that
L1H and L2H represent carboxyl and phosphate functional
groups, respectively, as described previously (Fein et al., 1997;

Fig. 2. Representative data gathered during acid-base titrations to test
the reversibility of the proton adsorption-desorption reaction. Closed
and open symbols of the same shape represent the first and second
up-pH titrations, respectively. The reversibility of stationary-phase
populations was also evaluated, but the data have been omitted for
clarity.

Table 1. Model parameters describing individual acid-base titrations ofB. subtilis.

Phasea Nob pK1
c pK2 pK3 C1

d C2 C3 V(Y)e

Exp 1 5.33 7.18 9.30 32.1 8.00 15.6 9.9
2 5.24 6.96 9.26 28.7 11.5 14.2 17.1
3 5.41 7.39 9.33 34.6 9.30 13.6 26.4

Stn 1 4.72 6.43 8.02 6.04 1.84 3.95 13.5
2 4.87 6.33 8.19 9.26 5.55 7.40 9.7
3 4.81 6.70 9.36 5.05 5.66 7.16 8.5

Spr 1 4.76 6.72 9.04 11.6 7.50 16.0 26.7
2 4.91 6.65 9.14 5.88 4.68 12.9 10.7
3 4.77 6.93 9.19 10.1 6.63 15.5 6.0

a Growth phase of the bacterial population (Exp5 exponential, Stn5 stationary, Spr5 sporulated).
b Titrations were performed on three independently grown cultures of bacteria.
c Negative logarithm of the stability constant describing deprotonation of the subscripted surface site (15 carboyxl, 25 phosphate, 35 amine),

referenced to zero ionic strength and zero surface charge.
d Concentration of the subscripted surface site, inx 1025 mol/g wet bacteria.
e Variance calculated by FITEXP.
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Daughney and Fein, 1998a; Daughney et al., 1998; Cox et al.,
1999).L3H may represent a type of hydroxyl functional group,
as suggested by Fein et al. (1997), or an amine structure, as
suggested by Cox et al. (1999). As pointed out by Cox et al.
(1999), amine sites are abundant on the cell wall ofB. subtilis,
but hydroxyl sites with 8, pK , 10 (phenols) are not.
Hereafter,L1H, L2H, and L3H are referred to as carboxyl,
phosphate, and amine sites, and are represented in the text by
RCOOH, RPO4H, andRNH2, respectively. As discussed below,
it is possible to further constrain the chemistry of these surface
sites by comparing their metal-binding constants to those de-
scribing metal complexation by short-chain organic acids.

We find that the model deprotonation constants and site
concentrations differ slightly between independent titrations,
even for a single growth phase (Table 1). Errors associated with
the experimental method were evaluated during replicate so-
dium acetate titrations, and were found to be60.05 in the pK
value and62% in the ligand concentration. Errors associated
with weighing the bacteria affected the model pK values by less
than 60.005, but affected the model site concentrations by
64%. These errors cannot account for the all of the variation in
the model parameters compiled in Table 1. We therefore con-
clude that these variations represent differences in the surface
properties of the individual cultures of the bacteria. Thus, for
each of the three growth phases, we model the three indepen-
dent titrations simultaneously to determine a single set of
best-fitting model parameters (Table 2).

We also conduct a single-factor analysis of variance
(ANOVA) to determine if, and at what confidence intervals, the
average model parameters differ between the three growth
phases (Table 3). We first conduct anF-test, and find that each
model parameter has a statistically distinct average value for
each of the three growth phases. Next, we compare the average
model parameters between the three growth phases. We apply
a two-standard-deviation threshold, such that a confidence in-
terval of 0.95 or more indicates that the two averages being
compared are statistically different, whereas a confidence in-
terval of less than 0.95 indicates that they are not. By using this
threshold confidence interval, we find that the majority of
model parameters from the stationary and sporulated popula-
tions are the same. In contrast, the majority of exponential-
phase model parameters are statistically different from those of
either the stationary- or sporulated-phase populations. The
ANOVA thus provides a quantitative affirmation of the visual
trends shown in Figure 1. We also use the ANOVA to deter-
mine the 2s errors corresponding to the average model param-
eters (Table 2).

Based on the statistical analysis of the average parameters, it
is reasonable to model the stationary- and sporulated-phase
populations simultaneously. Thus, we develop a single set of
best-fitting model parameters applicable to both growth phases
(Table 2), and we compare the model fit to the experimental
data in Figure 1b,c. The exponential-phase populations require

Table 2. Averagea model parameters describing acid-base titrations ofB. subtilis.

Reference Phaseb pK1
c pK2 pK3 C1

d C2 C3

This studye Exp 5.336 0.1 7.186 0.3 9.306 0.6 31.86 3.9 9.606 2.6 14.56 2.2
This study Stn 4.806 0.1 6.496 0.3 8.526 0.6 6.786 3.9 4.356 2.6 6.176 2.2
This study Spr 4.816 0.1 6.776 0.3 9.126 0.6 9.196 3.9 6.276 2.6 14.86 2.2
This studyf Stn 1 Spr 4.816 0.1 6.626 0.3 8.826 0.6 7.996 3.9 4.546 2.6 10.56 2.2
Fein et al. (1997) Stn 4.826 0.1 6.96 0.5 9.46 0.6 126 2 4.46 0.3 6.26 0.4
Daughney and Fein

(1998a)
Stn 4.656 0.4 6.166 0.6 9.806 0.8 6.726 1.8 9.686 4.0 53.66 42

a Average model parameters from Table 1, and from other references, with corresponding 2s errors calculated by ANOVA.
b Growth phase of the bacterial population (Exp5 exponential, Stn5 stationary, Spr5 sporulated).
c Negative logarithm of the stability constant describing deprotonation of the subscripted surface site (15 carboyxl, 25 phosphate, 35 amine),

referenced to zero ionic strength and zero surface charge.
d Concentration of the subscripted surface site, inx 1025 mol/g wet bacteria.
e These average model parameters are used to plot the exponential-phase model curve in Figure 1.
f These average model parameters are used to plot both the stationary- and sporulated-phase model curves in Figure 1.

Table 3. Confidence intervals at which average model parameters can be considered statistically different, based on a single-factor ANOVA.

Comparisona pK1
c pK2 pK3 C1

d C2 C3

Exp vs. Stn phase (this study) 0.99 1.00 0.97 1.00 0.96 1.00
Exp vs. Spr phase (this study) 0.99 0.98 0.93 1.00 0.92 0.57
Stn vs. Spr phase (this study) 0.53 0.94 0.68 0.77 0.79 0.99
Stn phases (this study vs. Fein et al., 1997) 0.61 0.91 0.90 0.99 0.51 0.51
Stn phases (this study vs. Daughney and Fein,

1998a)
0.73 0.81 0.93 0.51 0.95 0.96

a Comparisons are between the average model parameters (listed in Table 2) for the three different growth phases in this study (Exp5 exponential,
Stn 5 stationary, Spr5 sporulated), and between the stationary-phase parameters from this and other studies.

b Number of degrees of freedom.
c Confidence intervals at which the average deprotonation constants can be considered different.
d Confidence intervals at which the average concentrations of the subscripted surface sites can be considered different.
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a different set of best-fitting model parameters, which are
compiled in Table 2 and used to plot the model curve in Figure 1a.

We also compare the stationary-phase-model parameters de-
termined in this study to those of Fein et al. (1997) and
Daughney and Fein (1998a) (Tables 2 and 3). These authors
also conducted acid-base titrations ofB. subtilis in NaNO3

(Fein et al., 1997 used 0.1 M, Daughney and Fein, 1998a used
0.01 M). These authors did not monitor growth phase, but they
did consistently harvest their cultures after 24 h. We used the
same growth protocol as these two earlier studies, and so it is
reasonable to assume that their data apply to stationary-phase
populations. By using ANOVA to compare the average model
parameters, we find that the majority differ at a confidence
interval of 0.95 or less, and so should be considered indistinct.
This is to be expected, as the growth conditions and experi-
mental methods are the same. Model predictions of proton
adsorption by stationary-phase populations—based on param-
eters from this study, from Fein et al. (1997) or from Daughney
and Fein (1998a)—are all very similar.

The effect of growth phase on proton adsorption is likely
related to changes in the structure and composition of the cell
wall, which in turn are affected by the changing chemistry of
the growth medium. McLean and Beveridge (1990) have found
that the nature and degree of peptidoglycan cross-linkage in the
B. subtilis cell wall can change with the chemistry of the
growth medium, and this may potentially alter the number of
carboxylic-binding sites on the cell wall. These authors have
also pointed out that as phosphate is depleted from the growth
medium,B. subtiliscells walls are depleted of teichoic acid and
enriched in teichuronic acid, which may affect the number of
phosphate-binding sites. These studies indicate that the chem-
istry of the medium changes as the population grows, and as a
result the cell-wall composition and its capacity to adsorb
protons can also vary with growth stage.

There are two other ways in which growth phase may affect
proton adsorption, which, although not pertinent to this study,
are worthy of mention. First, when cells are metabolically
active, a membrane-induced proton motive force continuously
supplies H1 to the cell wall, such that the cells may adsorb less
H1 from solution (Urrutia et al., 1992; Kemper et al., 1993).
This is not applicable to our work because our washing proce-
dure ensures that the cells are metabolically inactive. Second, if
the cells are not removed from the growth medium, changes in
its chemistry may affect proton adsorption by way of chemical
competition with, for example, extracellular polysaccharides,
metabolic waste products, or cell-wall fragments. Again, be-
cause we removed the cells from the growth medium before
conducting our experiments, the chemical speciation of the
suspension was known and constant.

We conclude that all changes in proton adsorption observed
in this study are due to changes in the structure and composi-
tion of the cell wall. We suggest that an abundance of nutrients
available to exponential-phase cells allows them to develop cell
wall structures with high concentrations of anionic sites. As the
concentration of nutrients is depleted, the population enters
stationary phase, and cell wall structures with lower densities of
anionic functional groups are favored. Note also that the dep-
rotonation constant of any type of functional group depends, to
some extent, on the structure of the cell wall towhich it is
attached (Daughney et al., 1998). We observed significant changes

in each of the deprotonation constants (Table 2) as the cells pass
from exponential to stationary phase, providingfurther evidence
that the cell wall structure was changing. The transition from
stationary to sporulated phase was not accompanied by a sig-
nificant change in the chemistry of the medium and, hence, the
concentrations and deprotonation constants of the cell wall
functional groups remained relatively constant. We recommend
that proton adsorption by exponential-phase populations ofB.
subtilis be modeled using the “Exp” parameters compiled in
row 1 of Table 2, and that proton adsorption by either stationary
or sporulated populations be modeled using the “Stn1 Spr”
parameters in row 4 of Table 2.

3.2. Cd Adsorption Experiments

In the range 4, pH , 7, the amount of Cd adsorbed by a
given mass of exponential-phase cells is roughly 5 to 10% more
than that adsorbed by stationary-phase cells, which in turn is
roughly 10 to 20% more than that adsorbed by sporulated cells
(Fig. 3). In addition, the amount of Cd adsorbed increases with
increasing pH and with increasing bacteria-to-metal ratio (Figs.
3 and 4). All of the solutions were undersaturated with respect
to solid-metal phases, and metal adsorption by the apparatus
was negligible, so the observed changes in aqueous metal
concentration can be attributed entirely to cell-wall adsorption.
Our experimental data are in good agreement with earlier
studies (Fein et al., 1997; Daughney et al., 1998; Daughney and
Fein, 1998a; Fein and Delea, 1999; Fowle and Fein, 1999).

We use FITEXP to determine site-specific stability constants
describing Cd adsorption by the cell walls, for all pH values
and bacteria-to-metal ratios (Table 4). We consider models
invoking metal adsorption onto either the carboxyl sites alone
(one-site model), or onto both the carboxyl and phosphate sites
together (two-site model), and we consider only the 1 : 1 stoi-
chiometry, after Fein et al. (1997), Daughney and Fein (1998a),
Daughney et al. (1998), Fein and Delea (1999), and Fowle and
Fein (1999). In our modeling of the exponential-phase data, we
use the “Exp” parameters listed in Table 2, row 1; when
modeling either stationary- or sporulated-phase data, we use the
“Stn 1 Spr” parameters in Table 2, row 4. Equilibria describing
Cd hydrolysis are included in our models, with stability con-

Fig. 3. Adsorption of Cd (10 ppm total concentration) byB. subtilis
(5.0 g wet bacteria/l) as a function of growth phase and pH. Each data
set represents an independently grown culture of bacteria.
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stants taken from Baes and Mesmer (1976) and Smith and
Martell (1978).

For each of the three growth phases, we first model data from
the independently grown cultures separately, and then we
model data from all the cultures simultaneously. As is the case
for the titration models, for each growth phase, we find that the
model parameters differ slightly between independently grown
cultures of bacteria. These differences reflect either true vari-

ations in the surface properties of the individual cultures or
uncertainties in the weight of bacteria present. Thus, for each of
the three growth phases, we determine the best-fitting param-
eters by modeling all of the data simultaneously, but we model
data from the independently grown cultures separately for
ANOVA, to determine 2s errors (Table 4).

Adsorption of Cd by exponential-phaseB. subtilis is best
described by a one-site model, whereas Cd adsorption by
stationary- and sporulated-phase populations are best described
by two-site models (Table 4, Fig. 4). At first, this is surprising,
because the adsorption edges for the different growth phases
occur over roughly the same pH range. However, the fit of each
model is controlled, in part, by the deprotonation constants
assumed to apply. The exponential-phase adsorption edge oc-
curs over the pH range in which the carboxyl sites on expo-
nential-phase cells are actively deprotonating (pK1 5 5.33),
but the phosphate sites are not (pK2 5 7.18), andthus a
one-site model fits the data well. In this same pH range, both
the carboxyl (pK1 5 4.81) and thephosphate sites (pK2 5
6.62) on stationary phase and sporulated cells are actively
deprotonating, and thus two-site models provide an improved
fit to the data. In addition, the fit of each model is controlled by
the assumed concentrations of surface sites, relative to the total
concentration of the metal. The concentration of carboxyl sites
on exponential phase cells is significantly greater than the
concentration of the metal, and so a one-site model can account
for 100% metal adsorption. In contrast, the concentration of
carboxyl sites on the stationary and sporulated cells is less than
the concentration of the dissolved metal, and so to account for
100% adsorption, an additional site must be included in the
model.

In selecting a one-site model to describe metal adsorption by
exponential-phase cells, but two-site models for stationary- and
sporulated-phase cells, we are implying that the growth phase
affects the surface properties of the cells, which in turn control
the mechanism and extent of metal adsorption. Several previ-
ous studies have reported that the composition and structure of
the cell wall influence electronegativity and metal binding. For
example, Butter et al. (1998) have found that Cd uptake by
Streptomycesis linearly related to the teichoic acid content of
the cell wall, with scatter in the relationship reflecting the
ability of other cell-wall components to bind the metal. By
chemically modifying or removing certain structures in theB.
subtilis cell wall, Beveridge and Murray (1980) reported that
carboxyl structures in peptidoglycan dominate the adsorption
of most cations, with binding by carboxyl and phosphate struc-
tures in teichoic acid of lesser importance. In a similar study
usingB. licheniformis, Beveridge et al. (1982) reported a more
even distribution of metals between the peptidoglycan, teichoic
acid, and teichuronic acid components of the cell wall. In a
study comparing metal adsorption byB. subtilisandB. licheni-
formis, Daughney et al. (1998) found a strong correlation
between the stability constants describing proton and metal
adsorption to particular surface sites on the two species, which
they concluded resulted from uniform compositional differ-
ences in the cell walls.

Although both proton adsorption and metal adsorption are
both affected by growth phase, the relation between them is not
straightforward. If the extent of metal adsorption could be
predicted from the extent of proton adsorption, then (at a given

Fig. 4. Adsorption of Cd (10 ppm total concentration) byB. subtilis
cultured to a) exponential, b) stationary, and c) sporulated phase, as a
function of pH and wet weight of bacteria present. Model curves for
exponential phase cells assume adsorption onto the carboxyl sites alone
(Table 4, row 1); curves for stationary and sporulated phase cells
assume adsorption onto carboxyl and phosphate sites (Table 4, row 2).
Each data set represents an independent culture of bacteria.
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pH and bacteria-to-metal ratio) we would expect exponential
phase cells to adsorb more metal than either stationary or
sporulated cells, in agreement with our data. However, we
would also expect stationary and sporulated cells to adsorb
identical amounts of metal, in contradiction to our data. We use
ANOVA to assess the significance of the variation in the
average Cd-carboxyl stability constants, in view of their cor-
responding 2s errors. We find that: 1) the exponential-phase
and stationary-phase values differ at a confidence interval of
0.74; and 2) the stationary- and sporulated-phase values differ
at a confidence interval of 0.94. This analysis indicates that the
magnitude of the Cd-carboxyl stability constant does not
change significantly from exponential to stationary phase, but
does change significantly from stationary to sporulated phase.
This trend is different from that of the deprotonation constants,
which change significantly from exponential to stationary
phase, and then remain constant from stationary to sporulated
phase. In explanation of this discrepancy, we note that the
exosporium and spore coat ofB. subtilisendospores are com-
prised of complex layers of protein, which could display proton
accessible sites that are not readily accessible to metal cations.
However, this hypothesis is speculative and remains to be
verified by experimentally examining the reactivity of the en-
dospore components.

Finally, we note that, in some cases, it is possible to further
constrain the chemistry of the bacterial surface sites by com-
paring their metal binding constants to those describing metal
complexation by short-chain organic acids. In all cases, the
magnitudes of the Cd-carboxyl stability constants compiled in
Table 4 are in good agreement with stability constants describ-
ing Cd complexation by carboxylic acids (e.g., oxalic acid, log
K 5 3.9; malonic acid, logK 5 3.2; Martell and Smith,
1977), supporting the hypothesis that carboxylates are involved
in Cd adsorption byB. subtilis. Several other metals display a
similar agreement between the stability constants describing
their adsorption to, and complexation by, carboxyl structures
(Fein et al., 1997; Daughney et al., 1998; Fowle et al., 2000),
further implicating the importance of these surface sites in
metal binding by bacteria. The Cd-phosphate stability constants
in Table 4 are also in general agreement with stability constants
describing metal complexation by phosphonic acids (for most
metals 2, log K , 6, though few Cd-binding constants have
been determined; Martell and Smith, 1977). Cd adsorption was
not investigated at pH greater than 8, so we cannot perform the
same type of correlation for the amine sites.

3.3. Fe Adsorption Experiments

The amount of Fe adsorbed by a given mass of exponential-
phase cells is roughly 5 to 10% more than that adsorbed by
stationary-phase cells, which in turn is roughly 10 to 20% more
than that adsorbed by sporulated cells, and the amount of Fe
adsorbed increases with increasing bacteria-to-metal ratio (Fig.
5). For each growth phase, independently grown cultures ad-
sorb slightly different amounts of Fe under otherwise identical
conditions. The Fe and Cd adsorption data thus show very
similar trends. We are not able to assess the effect of pH on Fe
adsorption, because the experiments were conducted over a
narrow pH range (note that the pH of the experimental solu-
tions did vary slightly, and although we take this into account
in our modeling, it gives rise to some of the scatter visible in
Fig. 5). Again, all of the experimental solutions were under-
saturated with respect to solid phases, and Fe adsorption by the
apparatus is negligible, so we attribute the observed changes in
aqueous Fe concentration entirely to cell-wall adsorption. Our
experimental data are in general agreement with the Fe adsorp-
tion data of Warren and Ferris (1998).

For each of the three growth phases, we use FITEXP to
determine a single set of site-specific stability constants de-
scribing Fe adsorption by the cell walls, for all pH values and
bacteria-to-metal ratios (Table 5). All of our models consider

Table 4. Model parameters describing adsorption of Cd(II) byB. subtilis.

No. Model reaction(s)a

Exponential phase Stationary phase Sporulated phase

log Kb 2sc V(Y)d log Kb 2sc V(Y)d log Kb 2sc V(Y)d

1 Cd211RCOO27RCOOCd1 3.52 0.2 7.1 3.72 0.2 16 3.25 0.2 32
2. Cd211RCOO27RCOOCd1 No convergencee 3.62 0.5 11 2.89 0.5 7.3

Cd211 RPO4
27 RPO4Cd1 4.11 3.98 0.7

a Reactions used to model experimental data; some models include two reactions.
b Logarithm of the stability constant for the corresponding reaction, referenced to zero ionic strength and zero surface charge.
c 2s error for the corresponding stability constant, calculated by ANOVA.
d Variance calculated by FITEXP.
e Indicates severe misfit between the model and the experimental data.

Fig. 5. Adsorption of Fe(III) (10 ppm total concentration) byB.
subtilis (pH , 3) as a function of growth stage. Open and closed
symbols of the same shape apply to two independent cultures of
bacteria. Model curves assume the formation of a (RCOO)2Fe31 sur-
face complex (Table 5, row 3).
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adsorption by the carboxyl sites alone, because the experiments
were conducted at low pH, where only the carboxyl sites are
likely to be deprotonating. The experiments were conducted
over the pH range in which Fe31 is hydrolyzed to Fe(OH)21,
and so we consider both of these species as potential sorbates.
Finally, the experiments were conducted as a function of bac-
teria-to-metal ratio, so we consider the formation of surface
complexes with various carboxyl-to-Fe stoichiometries. As de-
scribed above, for each growth phase, we first model data from
the two independently grown cultures separately, and then we
model data from both simultaneously. We use the latter to
determine a single set of best-fitting model parameters, and we
use the former, in conjunction with ANOVA, to determine their
2s errors. Again, we use the “Exp” parameters (Table 2, row 1)
when modeling exponential-phase data and the “Stn1 Spr”
parameters (Table 2, row 4) when modeling either stationary-
or sporulated-phase data. Equilibria describing Fe hydrolysis
are included in our models, with stability constants taken from
Langmuir (1997).

Several of the models provide good fits to the experimental
data, and without additional information, we are unable to
unequivocally identify the best-fitting model. Nonetheless, we
favour the model considering the formation of the
(RCOO)2Fe1 surface complex (Table 5, model 3) because: 1)
it provides uniformly low values ofV(Y) for each of the three
growth phases; 2) it is chemically reasonable, because a sig-
nificant fraction of the dissolved Fe exists as Fe31 in our
experimental solutions; 3) the bacteria-to-metal ratio is high,
such that the concentration of carboxyl sites exceeds the con-
centration of Fe, potentially favoring the formation of a biden-
tate surface complex; and 4) the magnitude of the stability
constant is comparable to those describing formation of biden-
tate Fe complexes with short-chain carboxylic acids (acetic
acid, log K 5 6.5; oxalic acid, logK 5 13.6; Martell and
Smith, 1977). This model is compared to the experimental data
in Figure 5.

Even though we cannot identify the best-fitting model, it is
instructive to compare the values of the stability constant
between the three growth phases. For example, for the
(RCOO)2Fe31 model, the values of the stability constant are all
similar, but based on their associated uncertainties, can be

considered statistically different (the exponential- and station-
ary-phase values differ at a confidence interval of 0.95; the
stationary- and sporulated-phase values differ at a confidence
interval of 0.94). Note that although the stability constant for
the (RCOO)2Fe31 reaction is largest for bacteria in stationary
phase and smallest for bacteria in exponential phase, the
amount of Fe adsorbed per unit weight of bacteria follows the
trend exponential. stationary. sporulated phase (Fig. 5),
because the concentrations of binding sites, and the deprotona-
tion constants for these sites, vary between the growth phases.
We suggest that the differences in the stability constant result
from differences in cell wall structure between the growth
phases. Our experimental methods do not permit us to probe the
structure and composition of the cell wall directly, but we can
point out that the relationship between growth phase, cell-wall
structure, proton adsorption, and Fe adsorption is complex.
Specifically, exponential-phase cells have the highest affinity
for protons, but the lowest affinity for Fe. Stationary- and
sporulated-phase cells display similar proton-binding capaci-
ties, but the former adsorb slightly more Fe than the latter.

4. CONCLUSIONS

In this study, we demonstrate that growth phase must be
considered in surface complexation modeling of proton and
metal adsorption byB. subtilis. Cells in exponential phase
display roughly four times more carboxyl sites, twice as many
phosphate sites, and 1.5 times as many amine sites (per unit
weight) as cells in either stationary or sporulated phase. The pK
values describing deprotonation of these functional groups are
all roughly 0.5 log units larger for cells in exponential phase,
compared to those for cells in either stationary or sporulated
phase. Site concentrations and deprotonation constants for sta-
tionary- and sporulated-phase cells are statistically identical.
Growth phase also affects metal adsorption byB. subtilis, with
exponential-phase cells adsorbing more Cd and Fe(III) than
stationary-phase cells, which in turn adsorb more than sporu-
lated cells. Even with changes in the site concentrations and
deprotonation constants taken into account, modeling metal
adsorption by the three different growth phases requires three
different sets of metal binding constants, and in the case of Cd,

Table 5. Model parameters describing adsorption of Fe(III) byB. subtilis.

No. Model reaction(s)a

Exponential phase Stationary phase Sporulated phase

log Kb 2sc V(Y)d log Kb 2sc V(Y)d log Kb 2sc V(Y)d

1 Fe31 1 RCOO2 7 RCOOFe21 5.34 0.1 80 5.41 0.1 67 5.27 0.1 61
2. FeOH21 1 RCOO2 7 RCOOFeOH1 4.99 0.1 46 4.93 0.1 25 4.77 0.1 16
3. Fe31 1 2RCOO2 7 (RCOO)2Fe1 10.48 0.1 2.2 10.91 0.1 5.0 10.56 0.1 2.6
4. FeOH21 1 2RCOO2 7 (RCOO)2FeOH0 10.49 0.1 3.1 10.49 0.1 9.8 10.13 0.1 6.4
5. Fe31 1 3RCOO2 7 (RCOO)3Fe0 16.41 0.2 21 16.62 0.2 28 16.01 0.2 19
6. FeOH21 1 3RCOO2 7 (RCOO)3FeOH2 16.10 0.2 21 16.23 0.2 31 15.60 0.2 23
7. Fe31 1 RCOO2 7 RCOOFe21 4.41 0.5 1.6 4.65 0.5 3.6 4.53 0.5 1.1

Fe31 1 2RCOO2 7 (RCOO)2Fe1 10.77 0.2 10.79 0.2 10.43 0.2
8. FeOH21 1 RCOO2 7 RCOOFeOH1 4.28 0.3 1.6 4.52 0.3 5.4 4.41 0.3 1.8

FeOH21 1 2RCOO2 7 (RCOO)2FeOH0 10.37 0.2 10.2 0.2 9.81 0.2

a Reactions used to model experimental data; some models include two reactions.
b Logarithm of the stability constant for the corresponding reaction, referenced to zero ionic strength and zero surface charge.
c 2s error for the corresponding stability constant, calculated by ANOVA.
d Variance calculated by FITEXP.
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different adsorption reactions altogether. Although we do not
examine the cell wall structure directly, abundant literature
evidence suggests that the relationship between adsorption be-
havior and growth phase is related to changes in cell-wall
structure in response to changes in the chemistry of the growth
medium.

Although the results of this study have profound implications
for modeling metal adsorption by bacteria, a great deal more
information is required before it is possible to accurately pre-
dict the fate of metals in bacteria-bearing fluid-rock systems.
First, the effect of growth phase on metal adsorption by other
species of bacteria must be investigated. Certainly, if other
species of bacteria behave similarly toB. subtilis, accurate
prediction of metal-bacteria adsorption in natural systems will
require information on the growth phase of the population.
However, in most natural environments, nutrient limitation and
predation should make exponential-phase cells rare. As a first
approximation then, model parameters from either stationary or
sporulated phase may be applied to most natural environments.
Second, we point out that the results of this study apply only to
resting cells. Urrutia et al. (1992) and Kemper et al. (1993)
have shown that a membrane-induced proton motive force
continuously supplies H1 to the wall of metabolically active
cells, and as a result, they may adsorb less metal from solution
than resting cells. In addition, metabolically active bacteria
may produce extracellular polysaccharides or metabolites that
affect metal adsorption. Although much recent work has clar-
ified the relationship between metal adsorption and abiotic
variables (such as pH and ionic strength), our knowledge of the
effects of biotic variables is, at present, limited.
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