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The role of curli, amyloid extracellular fibers, in the tolerance of Escherichia coli PHL628 to Hg(II) was
examined. Our findings indicate that by sorbing Hg(II) extracellularly, curli protect the cells. To our knowl-
edge, this is the first time a protective role of curli against toxic metals has been demonstrated.

Mercury is a toxic metal with no known biological function
because its affinity to thiol compounds is so high that it disrupts
protein structure and function (18). Bacteria are involved in
the global environmental cycling of mercury. They both reduce
Hg2� to metallic Hg0, which is volatile and relatively inert, and
methylate ionic Hg(II) in an enzymatic process that makes Hg
more bioavailable and more toxic (1). Bacteria may cope with
heavy metal stress by actively exporting metal cations from the
cytoplasm (17). Additionally, the binding of heavy metals by
extracellular polymeric substances has been demonstrated to
be an effective way to increase the resistance to these toxic
cations (5, 8, 11, 16, 19). However, other less understood mech-
anisms of tolerance are also likely to exist.

Curli are thin, aggregative, extracellular fibers produced by
many enterobacteria (13) but which are also abundant in nat-
ural biofilms, particularly in oligotrophic environments (14,
15). The genes responsible for the production of curli in Esch-
erichia coli are clustered in two divergent operons: the csgBA
operon, which encodes the major structural subunit, CsgA, and
the csgDEFG operon (7). The regulation of curli gene expres-
sion is complex and responsive to environmental cues, such as
cell wall stress (20), but in general, curli genes are maximally
expressed during stationary phase (2).

E. coli PHL628, a curli-deficient derivative (PHL628
csgA), and its plasmid-borne csgA complement [PHL628
csgA(pBBR1MCS3:csgA)] were used as the test organisms
for the work described in this report. PHL628 is a K-12
MG1655 derivative with a single point mutation in the reg-
ulatory protein OmpR (21). This allele enhances curli gene
expression and promotes biofilm formation (21). Strain and
plasmid details are listed in Table 1, and primers used in this
study are listed in Table 2. The ability of the csgA-deficient
strain to form curli was restored by cloning the csgA gene in
the vector pBBR1MCS3 (12), followed by transformation of
the cells with pBBR1MCS3:csgA following the protocol de-
scribed by Choi et al. (3). The presence or absence of curli

was verified using an autoaggregation assay (10) (data not
included).

Cultures were grown in a glucose minimal medium (GMM)
which contained, per liter, 7 g K2HPO4, 2 g KH2PO4, 1 g
(NH4)2SO4, 200 mg MgSO4 � 7H20, 24 mg Ca(NO3)2 � 4H20,
and 10 g glucose. The medium was buffered at pH 7.2 with
HEPES. Analytical-grade HgCl2 was obtained from Mallinck-
rodt, and stock solutions were 2% acidified with trace metal-
grade HNO3.

The role that curli play in the resistance to Hg(II) was tested
by exposing stationary-phase cultures of PHL628, PHL628
csgA, and PHL628 csgA(pBBR1MCS3:csgA) to various
amounts of Hg(II). After 3 h of incubation, dilutions of the cell
suspensions were plated and CFU were counted. The decrease
in CFU with increasing mercury concentration was more pro-
nounced in the curli-deficient strain, and mercury resistance
was restored by complementation of the deletion (Fig. 1). This
result led us to conclude that curli provide moderate protec-
tion against mercury toxicity.

Next, we assessed the potential for curli to alter the uptake
of Hg(II). Fluorescence may be used as a surrogate measure-
ment for mercury uptake in cells that carry pmerRGFP (6)
because fluorescence is produced only when Hg(II) enters the
cytosol (4). Cultures of PHL628 and PHL628 csgA harboring
pmerRGFP were grown to stationary phase at 30°C, and the
bacteria were then exposed to various Hg(II) concentrations.
Hg-induced fluorescence was normalized to cell concentration
as measured by optical density at 600 nm (OD600) in order to
account for the variability in cell numbers. We found that the
curli-deficient strain had a higher normalized fluorescence

* Corresponding author. Mailing address: School of Civil and Envi-
ronmental Engineering, Hollister Hall, Cornell University, Ithaca, NY
14853. Phone: (607) 255-7571. Fax: (607) 255-9004. E-mail: LWL3
@cornell.edu.

� Published ahead of print on 20 August 2010.

TABLE 1. E. coli strains and plasmids used in this study

Strain or plasmid Description and relevant genotype Source or
reference

Strains
PHL628 MG1655 malA-Kan ompR234 Kanr 21
PHL628 csgA csgA deficient; Kanr Cmr 20

Plasmids
pBBR1MCS3 Broad-host-range cloning vector; Tetr 12
pBBR1MCS3:csgA pBBR1MCS3 with csgA gene insert; Tetr This study
pmerRGFP Hg uptake reporter vector; Ampr 6
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(fluorescence/fluorescence at OD600) than the wild-type strain
over the range of concentrations tested (Fig. 2).

Our results support the idea that curli protect the bacteria
from exposure to Hg(II) by reducing uptake. The simplest
explanation for this result is that curli sequester the metal in
the sheath they form on the outside of the cell, consequently
preventing or delaying mercury from entering the cell.

To provide additional evidence in support of this hypothesis
and study the role of curli in Hg adsorption, we exposed sta-
tionary-phase cells of PHL628 and PHL628 csgA to a total Hg
concentration of 0.25 or 0.75 �M and determined the amount
of Hg that sorbed to the cells at 1, 2, 4, 8, and 24 h by
calculating the difference with the following formula: total
Hg � soluble Hg � sorbed Hg (Fig. 3). Soluble Hg concen-
trations were determined using a Bacharach Coleman model
50B analyzer system (Bacharach, Inc., Pittsburgh, PA) follow-
ing a cold vapor atomic absorption method (9). The data for
adsorbed Hg per cell were used to fit an adsorption model with
a limited number of binding sites. Quantification of the differ-
ence in adsorption kinetics relative to curli was done by mod-
eling the adsorption process as the following first-order differ-
ential equation, where binding is limited by the number of
available binding sites: dC/dt � k(C* � C), with the solution
C(t) � C*(1 � e�kt), where C is the Hg concentration ad-
sorbed to cells divided by the OD600 measured at each time
point (�M/OD), t is time (h), k is the binding rate constant

(h�1), and C* is the maximum Hg concentration adsorbed to
cells at equilibrium (�M/OD).

The experimental adsorption data were fitted to the inte-
grated rate equation using a Levenberg-Marquardt nonlinear
fitting algorithm in OriginPro8 (Northampton, MA), where C*

TABLE 2. PCR primers used in this study

Primer Sequence (5� 3 3�) Source or
reference

csgAFKpnI GTTTCTGGTACCGCAAATGGCTATTC
GCGTGACACA

This study

csgARApaI GTTTCTGGGCCCATTAGTACTGATGA
GCGGTCGCGT

This study

merF TTAAGGATCCCCTCATAGTTAATTTCT 6
merR ATATCTCGAGCTAAGGCATAGCTGAC 6

FIG. 1. Viability curves. CFU of PHL628(pBBR1MCS3), PHL628
csgA, and PHL628 csgA(pBBR1MCS3:csgA) exposed to Hg(II) divided
by the CFU of unexposed cultures plotted versus Hg concentration.
Cultures were grown for 24 h at 30°C in GMM, spiked with Hg(II), and
incubated for 3 additional hours before the dilutions were prepared
and plated. Error bars represent standard deviations of the results for
triplicate samples.

FIG. 2. Hg uptake. PHL628 and PHL628 csgA cultures harboring
pmerRGFP grown for 24 h in GMM at 30°C were harvested and
exposed to total Hg concentrations ranging from 0 to 3 �M. The green
fluorescence and OD600 values of the cultures were recorded for the
following 4 h. For each condition, the fluorescence was divided by the
OD600, and the resulting values from three independent experiments
were averaged and plotted versus time. Error bars represent standard
deviations of the results for triplicate samples. Results at 4 h after Hg
introduction are shown.

FIG. 3. Kinetics of Hg adsorption to PHL628 strains at pH 7.2.
Suspended cultures of PHL628 and PHL628 csgA were grown in GMM
at 30°C to stationary phase. Aliquots of concentrated Hg solution were
added to the cultures to yield total concentrations of 0.25 �M and 0.75
�M Hg. Aliquots were withdrawn at predetermined intervals, and
soluble Hg concentrations were determined. Adsorbed Hg normalized
by biomass was calculated as the difference between the total added
and dissolved Hg concentrations, and after correcting for background
values, it was divided by the OD600 and plotted versus time. The points
and whisker bars indicate the average and the range of the results for
duplicate samples; the gray lines represent the calculated fit.
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and k were used as the only fitting parameters. Quantitatively,
our results indicate that curli speed up the kinetics of adsorp-
tion. Also, more mercury adsorbed to cells with curli at equi-
librium (Table 3 and Fig. 3). At 0.75 �M Hg(II), the magnitude
of the fitted rate constant was approximately 40% lower for the
curli-deficient strain. At 0.25 �M Hg(II), the rate constant was
approximately 80% lower.

In this work, we have shown that curli provide modest pro-
tection against mercury toxicity and appear to do so by seques-
tering the metal extracellularly, thereby reducing the amount
that is bioavailable. This effect is likely a result of the increased
curli-associated extracellular surface area available for metal
adsorption and is based on the following observations: (i) curli-
forming strains were more resistant to toxic mercury concen-
trations than the curli-deficient strain (Fig. 1), (ii) the uptake
of Hg(II) increased in the absence of curli (Fig. 2), and (iii)
bacteria without curli adsorb less Hg than curli-forming bac-
teria (Fig. 3). Curli will protect cells temporarily by slowing the
diffusion of transient increases in bulk-solution Hg concentra-
tion to the cell wall and will protect cells on a long-term basis
as long as there is an excess in the ratio of curli adsorption sites
to Hg. Once these sites are saturated, the protective effect of
curli will disappear. To our knowledge, this is the first time that
curli have been proven to protect bacteria from metal toxicity.
Although more work is required in order to understand the
exact mechanism of Hg(II) tolerance, the protective effect af-
forded by curli may contribute to the widespread occurrence of
these structures in enteric bacteria and environmental biofilms.
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TABLE 3. Hg adsorption kinetics constants

Strain
Total Hg
exposure

(�M)

k
(h�1) Range C*

(�M/OD) Range

PHL628 0.25 2.00 0.30 0.48 0.01
PHL628 csgA 0.25 0.40 0.10 0.36 0.05
PHL628 0.75 0.85 0.07 1.07 0.03
PHL628 csgA 0.75 0.52 0.09 0.93 0.06
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