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ABSTRACT Enterobacteriaceae produce amyloid proteins called curli that are the
major proteinaceous component of biofilms. Amyloids are also produced by humans
and are associated with diseases such as Alzheimer’s. During the multistep process
of amyloid formation, monomeric subunits form oligomers, protofibrils, and finally
mature fibrils. Amyloid � oligomers are more cytotoxic to cells than the mature am-
yloid fibrils. Oligomeric intermediates of curli had not been previously detected. We
determined that turbulence inhibited biofilm formation and that, intriguingly, curli
aggregates purified from cultures grown under high-turbulence conditions were struc-
turally smaller and contained less DNA than curli preparations from cultures grown with
less turbulence. Using flow cytometry analysis, we demonstrated that CsgA was ex-
pressed in cultures exposed to higher turbulence but that these cultures had lower
levels of cell death than less-turbulent cultures. Our data suggest that the DNA re-
leased during cell death drives the formation of larger fibrillar structures. Consistent
with this idea, addition of exogenous genomic DNA increased the size of the curli
intermediates and led to binding to thioflavin T at levels observed with mature ag-
gregates. Similar to the intermediate oligomers of amyloid �, intermediate curli ag-
gregates were more cytotoxic than the mature curli fibrils when incubated with
bone marrow-derived macrophages. The discovery of cytotoxic curli intermediates
will enable research into the roles of amyloid intermediates in the pathogenesis of
Salmonella and other bacteria that cause enteric infections.

IMPORTANCE Amyloid proteins are the major proteinaceous components of bio-
films, which are associated with up to 65% of human bacterial infections. Amyloids
produced by human cells are also associated with diseases such as Alzheimer’s. The
amyloid monomeric subunits self-associate to form oligomers, protofibrils, and finally
mature fibrils. Amyloid � oligomers are more cytotoxic to cells than the mature am-
yloid fibrils. Here we detected oligomeric intermediates of curli for the first time.
Like the oligomers of amyloid �, intermediate curli fibrils were more cytotoxic than
the mature curli fibrillar aggregates when incubated with bone marrow-derived
macrophages. The discovery of cytotoxic curli intermediates will enable research into
the roles of amyloid intermediates in the pathogenesis of Salmonella and other bac-
teria that cause enteric infections.

KEYWORDS Escherichia coli, Salmonella, amyloid, biofilm, curli

Bacteria thrive in numerous, vastly different environments. Biofilms, which protect
bacteria from environmental insults, immune defense mechanisms, and antimicro-

bial agents, are associated with up to 65% of human infections (1). The extracellular
matrix (ECM) of a biofilm is composed of proteins, DNA, and polysaccharides (2, 3) and
is primarily responsible for the recalcitrance of bacterial infections to antimicrobial
substances and the immune system (4).
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Amyloid proteins are characterized by their conserved cross-�-sheet quaternary
structure (5). It is estimated that amyloids decorate the biofilms of more than 40% of
bacteria (6). Amyloid curli, the best-characterized bacterial amyloids, are produced by
members of the Enterobacteriaceae family. Curli are encoded by the csgBAC and
csgDEFG operons and assembled via a nucleation precipitation pathway encoded by a
type VIII secretion system (7, 8). The csgA gene encodes the major subunit of the fibril,
CsgA, and the csgB gene encodes a minor subunit, CsgB, a nucleator protein (9–12).
Together these proteins transport and assemble curli fibrils outside of the bacterial cell.
Curli fibrils are critical for the structural integrity and stability of the biofilm. Previous
work from our lab has described the inclusion of extracellular DNA (eDNA) into curli
fibrils from Salmonella enterica serotype Typhimurium and Escherichia coli during
biofilm formation. DNA incorporation increases the amyloid fibrillization rate of syn-
thetic curli monomers (13). Like curli, the bacterial amyloids produced by Staphylococ-
cus aureus, phenol-soluble modulins (PSMs), also associate with eDNA (14, 15).

Amyloids not only are found in bacteria but also have been observed in humans.
More than 60 amyloidogenic proteins are expressed under homeostatic conditions, but
their physiological roles remain unclear. These amyloids can accumulate and form
deposits that are associated with diseases such as Alzheimer’s, type II diabetes,
Huntington’s, and secondary amyloidosis (16–18). In each of these diseases, a unique
amyloid accumulates in an organ associated with the disease. For instance in Alzhei-
mer’s disease, amyloid � accumulates in the brain, forming plaques. The formation of
fibrillar amyloid � has been extensively studied, and intermediate forms of amyloid �

such as oligomers and protofibrils have been described. Briefly, the monomeric amyloid
� first forms oligomeric units that have been shown to be cytotoxic to immune cells
(19–21). Oligomeric units then form protofibrils, which then form mature fibrillar
amyloid �. Once the amyloid � fibrils have fully formed, they are less cytotoxic. Similar
to bacterial amyloid curli and PSMs, amyloid � also binds to DNA (22). Although
bacterial and human amyloids do not have homology in their amino acid sequences,
amyloids are characterized by their conserved �-sheet fibrillar structure and common
functional properties (2, 7, 9, 23, 24). This conserved structure is recognized by the
innate immune receptors such as the Toll-like receptor 2 (TLR2)/TLR1 heterocomplex
and Nod-like receptor protein 3 (NLRP3) inflammasome (25, 26). It is thought that
bacteria produce amyloids as part of their biofilm, introducing a common molecular
pattern for host recognition (23). Intriguingly, recent studies suggested a connection
between bacterial amyloid curli and two complex human diseases, systemic lupus
erythematosus and Parkinson’s disease (13, 27). However, the exact mechanism by
which curli contribute to these human diseases in vivo remains unclear.

Curli assembly involves fibrillization, which has been monitored using approaches
similar to those used to characterize fibrillization of amyloid � (e.g., binding to
thioflavin T [ThT]), but structural intermediates in the curli fibrillization process had not
been identified (28, 29). We found that we could interfere with the formation of mature
curli fibrils by increasing turbulence during the biofilm formation in liquid culture. For
the first time, we were able to purify cytotoxic intermediate forms of curli that resemble
protofibrillar structures formed by amyloid �.

RESULTS
High turbulence leads to decreased biofilm formation. In the laboratory setting,

curli expression is induced in S. Typhimurium cells grown under stress such as low
temperature or low osmolarity (30–32). If these conditions are applied to liquid static
cultures, biofilm formation is observed at the air-liquid interface. Recently, it was also
reported that the addition of dimethyl sulfoxide (DMSO) triggers curli expression and
leads to the formation of biofilms even in shaken cultures (33). We use DMSO to trigger
curli expression in order to purify curli from S. Typhimurium. Briefly, cultures of S.
Typhimurium are grown in yeast extract supplemented with Casamino Acids (YESCA)
broth containing 4% DMSO. Cultures are shaken at 200 rpm for 72 h at 26°C. At this
time point, biofilm (also termed the pellicle) is observed forming at the air-liquid-flask
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interface. Eight 150-ml cultures are pooled, and curli are purified as described previ-
ously (34). In an attempt to increase production, we increased the culture volume from
150 ml to 500 ml and used a 1-liter flask. Although the starting inoculum ratio and all
other variables were the same, we did not observe the production of a robust pellicle
biofilm at the air-liquid interface in the 1-liter flask. In addition, we observed a clear
difference in turbulence in the 150-ml and 500-ml culture volumes. The larger volume
culture was more turbulent than the smaller volume culture, and foamy bubbles were
observed in the 500-ml culture (see Movie S1 in the supplemental material). Finally, by
decreasing the shaking speed of the 500-ml culture in the 1-liter flask, we were able to
visibly decrease the turbulence (see Movie S2 in the supplemental material) and restore
the biofilm formation (see Fig. S1 in the supplemental material). Additionally, we
examined the effect of different speeds that influence the turbulence seen in the batch
culture flasks. In the 1-liter flask, decreasing turbulence was able to increase the biofilm
pellicle formed on the air-liquid-flask interface. In contrast, increasing turbulence in the
150-ml flask disrupted pellicle formation, causing a decrease in pellicle size (Fig. S1).

We also observed that cultures with higher turbulence had less visible aggregation
of bacteria. Visible aggregation and sedimentation were observed after only 2 min in
an aliquot taken from the 150-ml culture (at 72 h of incubation), whereas there was no
visible aggregation or sedimentation in the sample taken from the 500-ml culture after
10 min (Fig. 1A) or 72 h (see Fig. S2 in the supplemental material). In the 150-ml culture,

FIG 1 Higher turbulence leads to decreased biofilm formation. (A) Sedimentation assay of aliquots of cultures from high-turbulence (500-ml) and low-
turbulence (150-ml) cultures allowed to sediment for 0 min, 2 min, and 10 min. (B) Crystal violet staining of the pellicle-associated biofilm from high-turbulence
and low-turbulence growth conditions. (C) Flow cytometry histograms of curli induction as measured by GFP expressed from a reporter plasmid conjugated
to the csgBA promoter at 24 h (left), 48 h (middle), and 72 h (right) under high-turbulence and low-turbulence growth conditions.
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the biofilm pellicle was clearly visible and stained brightly with crystal violet (Fig. 1B).
In the 500-ml culture, which had higher turbulence, the pellicle stained poorly with
crystal violet (Fig. 1B). This difference in biofilm was not due to bacterial growth rate,
as shown by optical density determination, but potentially was due to a difference in
the ratios of planktonic and biofilm-forming bacteria (Fig. S2).

As the major proteinaceous component of the enteric bacterial biofilm, curli fibrils
are important for cell-to-cell interactions and surface attachment (35). As the biofilm
pellicle and aggregation differed depending on the turbulence of culture, we first
investigated whether curli expression differed under the two conditions. To evaluate
curli expression, we used a reporter strain of S. Typhimurium that contains the PcsgBA::gfp
reporter plasmid. When the csgBA gene is expressed, green fluorescent protein (GFP) is
produced and can be detected by flow cytometry. GFP expression was detected in both
cultures, although in the 500-ml high-turbulence cultures, expression was delayed and
decreased relative to that in the 150-ml low-turbulence cultures (Fig. 1C). These data
suggest that although the curli structural components are expressed, pellicle formation
is not optimal under high turbulence.

Intermediate forms of curli aggregates are detectable under high-turbulence
conditions. Although there was no pellicle in the 500-ml culture grown with shaking
at 200 rpm, we were able to purify curli from both the 150-ml and the 500-ml culture
conditions. When we performed a dot blot using anti-CsgA antibodies, CsgA was
detected in both protein preparations, although the amount of curli recognized by the
antibody was smaller in the sample from the 500-ml culture (Fig. 2A). We next stained
samples with the amyloid-specific stain thioflavin T (ThT). Fluorescence due to ThT

FIG 2 Curli intermediates are detected under high-turbulence growth conditions. (A) Dot blot analysis of decreas-
ing concentrations of curli purified from high-turbulence and low-turbulence cultures was completed on PVDF
membrane. BSA was used as a negative control. Blots were imaged on the Li-Cor Odyssey imaging system. (B)
Aliquots of purified curli aggregates (400 �g/ml) from high-turbulence and low-turbulence growth conditions were
stained with 10 �M ThT and quantified after a 10-min incubation at room temperature on a fluorescent plate reader
at excitation 440 nm/emission 500 nm. Data are means (�standard error of the mean [SEM]) from three replicates.
*, P � 0.05. (C) Curli purified from high-turbulence (left panel) and low-turbulence (right panel) growth conditions
stained with 10 �M thioflavin T were imaged at �60 magnification by confocal microscopy. Scale bars are 25 �m.
(D) Enumeration of difference in size of aggregates calculated by confocal microscopy images. Aggregates were
measured within the LAS AF confocal system and grouped into one of four groups. Two hundred aggregates were
counted for each condition.
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binding to curli increases as fibrillization increases (36). The protein preparations from
both conditions stained with ThT; however, the curli purified under high-turbulence
conditions showed lower levels of ThT fluorescence compared to the curli purified from
the low-turbulence conditions (Fig. 2B). Consistent with this, the curli purified under
high-turbulence conditions displayed smaller curli aggregates under confocal micros-
copy compared to the curli purified from the low-turbulence conditions (Fig. 2C). Using
the LAS AF software, we measured the size of the curli aggregates across multiple fields
of view. After counting 200 aggregates from each condition, we found the average size
of curli masses purified under high-turbulence conditions to be smaller than that of the
mature aggregates purified from the low-turbulence conditions (Fig. 2D). Therefore, we
termed these smaller curli masses curli intermediates. To confirm the physical differ-
ences in these aggregates, we also used transmission electron microscopy (TEM).
Fibrillar structures were visible in both curli preparations purified from high-turbulence
and low-turbulence conditions (Fig. 3). However, the curli purified from low-turbulence
conditions displayed larger aggregates with spots showing greater electron density
(Fig. 3, middle lower panel). Even small aggregates from the low-turbulence conditions
showed electron-dense regions (Fig. 3, right lower panel), supporting the idea that
these aggregates are highly fibrillized and aggregated into a compact structure com-
pared to the intermediates that do not show this dense staining. Additionally, the
density of the staining in the mature aggregates may be attributable to greater DNA
incorporation and therefore structural support for these larger aggregations.

Overall, these experiments showed that although biofilm formation is inhibited by
the increased turbulence in the bacterial culture, CsgA is expressed under both high-
and low-turbulence conditions; however, larger mature fibrillar aggregates were ob-
served only under lower turbulence, where the biofilm was visible at the air-liquid-flask
interface.

FIG 3 Transmission electron microscopy of high- and low-turbulence curli aggregates showing electron density differences. Purified curli
from high-turbulence and low-turbulence conditions stained by negative staining were imaged at �16,500 magnification by transmission
electron microscopy, showing electron density differences.
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DNA induces formation of mature curli fibrillar aggregates. Previous work from
our lab has shown that eDNA associates with curli fibrils during the development of the
mature biofilm and purified curli contains eDNA (13). Moreover, eDNA accelerates the
fibrillization of curli fibrils (13). The reduced recognition of curli purified from 500-ml
highly turbulent cultures by the anticurli antibodies could be due to either a reduction
of curli per �g of protein preparation or reduced binding to the curli intermediates by
anticurli antibodies. To investigate whether there are differences in the association of
eDNA with curli under the two culture conditions, we first examined the DNA content
in purified curli aggregates. We performed a phenol-chloroform DNA extraction from
500 �g of the two curli preparations. We isolated more DNA from the curli purified
under low-turbulence conditions than from those purified from the high-turbulence
culture (Fig. 4A). This suggests that DNA contributes to the formation of the larger
mature fibrillar aggregates observed in the low-turbulence preparation.

Cell death is a major source of eDNA during biofilm formation. We hypothesized that
there is increased cell death under low-turbulence conditions where the mature fibrillar
aggregates and biofilm are forming. To test this, we stained bacterial cells under both
culture conditions with a live/dead stain and evaluated cell death via flow cytometry.
At 24 h, few dead cells were observed. However, at 72 h, the time that we see a large
amount of mature biofilm in low-turbulence cultures, there was clearly more cell death
in the low-turbulence culture than in the high-turbulence culture (Fig. 4B). We reason

FIG 4 DNA is necessary for formation of mature curli fibrillar aggregates. (A) DNA content per 500 �g of curli preparations from high-turbulence and
low-turbulence conditions. Plotted are means (�SEM) of data. One representative experiment of three independent experiments is shown. (B) Flow cytometry
histograms of aliquots of cultures stained with propidium iodide after 24 h and 72 h in high-turbulence and low-turbulence cultures. (C) A purified curli
preparation from a highly turbulent culture was treated with or without S. Typhimurium genomic DNA (gDNA) at the indicated concentrations. Fluorescence
of samples incubated at 37°C for 24 h and stained with ThT was determined. Plotted are means (�SEM) from three replicates. The asterisks indicate significant
increases (P � 0.05) relative to intermediate aggregates without DNA. (D) Enumeration of difference in size of aggregates calculated by confocal microscopy
images. Aggregates were measured within the LAS AF confocal system and grouped into one of four groups. At least 60 aggregates were counted for each
condition (0 to 75, 10 to 75, and 20 to 60 counts).
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that the low-turbulence cultures are poorly aerated due to the biofilm pellicle that
forms on the air-liquid-flask interface, and this causes cell death and DNA release into
culture media. It may be necessary for curli to complex with DNA to form the mature
fibril aggregates necessary for biofilm formation.

As there is an association between DNA content and mature matrix formation, we
sought to determine whether supplementing the smaller curli intermediates with DNA
would lead to the formation of larger curli masses. To do this, we incubated the curli
intermediates obtained from the high-turbulence culture with increasing concentration
of genomic DNA (gDNA) purified from S. Typhimurium and then stained with ThT. As
the amount of DNA increased, the relative fluorescence levels increased (Fig. 4C). This
behavior was also observed with purified curli upon addition of exogenous DNA in a
previous study (13). When adding exogenous DNA to mature curli aggregates, we
observed no increase in relative fluorescence intensity (see Fig. S3A in the supplemen-
tal material). Finally, using confocal microscopy, we observed that the addition of gDNA
to intermediates increased the size of the aggregates. While there were no aggregates
above 100 �m observed in untreated intermediate, addition of genomic DNA resulted
in aggregates above 100 �m. There were no differences in the number of aggregates
smaller than 20 �m or 20 to 100 �m (Fig. 4D). The addition of gDNA to the mature
aggregates also did not show an increase in aggregate size, similar to the ThT results
(Fig. S3B). Interestingly, when we isolated curli intermediates at earlier time points, we
observed an increase in the number of fibril aggregates smaller than 20 �m (Fig. S3C).

Curli intermediates are more cytotoxic to macrophages than the mature fibril-
lar aggregates. The early intermediate forms of human amyloid � are more cytotoxic
to immune cells than mature amyloid � fibrils (19–21). As curli fibrils are structurally
similar to amyloid �, we evaluated the toxicities of curli prepared from high- and
low-turbulence culture conditions. We treated bone marrow-derived macrophages
(BMDMs) with the two different curli preparations for 24 h and performed a lactose
dehydrogenase (LDH) assay to evaluate cell death. The percentage of dead cells was
higher in the BMDMs treated with the preparation from the turbulent culture, which
contains curli intermediates, than in cell samples treated with the mature curli aggre-
gates from the low-turbulence culture (Fig. 5A). To confirm these findings, BMDMs were
treated with the two preparations, stained with the Ready Probe cell viability kit, and
imaged on the EVOS FL Auto2 fluorescence microscope. S. Typhimurium was used as
a positive control. More dead cells were detected in the BMDMs treated with the
preparation from the high-turbulence culture containing the curli intermediates than
the preparation from the low-turbulence culture (Fig. 5B). The dead and live cells were
quantified, demonstrating that the ratio of dead to live cells was significantly higher in
the wells treated with the curli intermediates than mature curli fibrillar aggregates (Fig.
5C). Furthermore, decreasing the concentration of curli intermediates decreased the
cytotoxicity observed on BMDMs (Fig. 5D).

DISCUSSION

Amyloid deposits appear to underlie symptoms of many debilitating human dis-
eases, including Alzheimer’s disease (5). Studies on human amyloids have revealed that
various intermediate structures form during amyloid polymerization. Soluble mono-
meric amyloid units first form oligomers, which then polymerize into protofibrillar
structures. These protofibrils cross-assemble to form thicker mature fibrils (37). Curli
fibrillar assembly in Enterobacteriaceae is finely regulated via a type VIII section system,
which results in a highly efficient nucleation precipitation process (7, 8). The CsgA
subunit efficiently fibrillizes in the presence of CsgB nucleator protein, which seeds the
fibrillization process. At high concentrations without the CsgB protein, CsgA self-
assembles into fibrils (9–12). Intermediate oligomeric structures of curli, or any other
bacterial amyloid, had not been isolated prior to this study. Here we describe for the
first time intermediate protofibrillar structures of the bacterial amyloid curli. We
observed that increasing the volume in our S. Typhimurium culture led to a more
turbulent culture, which prevented biofilm formation at the air-liquid-flask interface.
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Curli intermediate structures purified from the highly turbulent culture were smaller
and displayed decreased fibrillization kinetics and decreased density of aggregation.
The bacteria in highly turbulent cultures produced curli accompanied by smaller
amounts of dead cells and therefore eDNA. DNA stabilized the intermediate forms of
curli into larger aggregates. Similar to amyloid �, curli intermediates were more cytotoxic
to immune cells than its mature fibrillar aggregates (Fig. 6).

Oxygen tension is a major signal that regulates the csg gene cluster expression in S.
Typhimurium (30). It was previously reported that oxygen-deprived biofilms produce
larger amounts of extracellular polymers (38, 39). Consistent with this, we observed
more curli expression and increased aggregation under the low-turbulence culture
conditions where the biofilm pellicle potentially limited oxygen penetration into the
culture. In contrast, in high-turbulence cultures, the bubbles observed could be indic-
ative of better oxygenation. In the high-turbulence cultures, decreased curli expression
and mature fibril aggregate formation were observed compared to levels in low-
turbulence cultures. Although we were not able to detect any differences in the growth

FIG 5 Curli intermediates are more cytotoxic than mature aggregates. (A) An LDH assay was used to determine the percentage of cytotoxicity in BMDMs treated
with curli preparations from high-turbulence and low-turbulence cultures. Shown are means and a representative experiment from three independent
experiments. (B) Images of BMDMs seeded at 2.5 � 105 cells/well and not treated (NT) or treated with curli preparations from high-turbulence or low-turbulence
cultures or with S. Typhimurium (STM). Cells were stained with NucBlue, which stains nuclei of live cells, and NucGreen, which stains nuclei of dead cells. Each
image is a small portion of the full well. Representative images are shown for one of three independent experiments. (C) The ratios of dead to live cells obtained
by analysis of multiple images accounting for the central 20% of well per condition in duplicate. Plotted are means (�SEM) from all images per condition. The
asterisks indicate significant difference between the effects of preparations from high- and low-turbulence cultures. (D) The ratios of dead to live cells obtained
by analysis of multiple images accounting for the central 20% of the well per condition in duplicate. Plotted are means (�SEM) from all images per condition.
**, P � 0.01; ***, P � 0.001.

Nicastro et al. Journal of Bacteriology

September 2019 Volume 201 Issue 18 e00095-19 jb.asm.org 8

https://jb.asm.org


using the two conditions, flow cytometry analysis revealed a higher percentage of dead
cells in the low-turbulence culture. We reason that the formation of the biofilm pellicle
may limit the oxygen penetration into the forming biofilm and increase the cell death.
Similar observations were made for Pseudomonas aeruginosa, in which cell death and
lysis occur during the development of biofilms (40).

It was previously demonstrated that curli associates with DNA during biofilm
formation (13). Both prokaryotic DNA and eukaryotic DNA accelerate the fibrillization of
curli (13), although it is unclear whether DNA is needed for the formation of mature
fibrillar structures. Here, we showed that reduced cell death was associated with smaller
aggregate structures of curli, suggesting that the DNA released from dying cells is
important for the assembly of larger, mature curli fibrillar aggregates. Consistent with
this idea, addition of bacterial DNA to intermediates isolated from highly turbulent
cultures was sufficient to trigger the assembly of larger curli masses. The turbulence
may also prevent formation of large fibril aggregates due to physical disruption.
Previous work on �2-macroglobulin, another human amyloid, showed that turbulent
conditions resulted in intermediate forms of the fibrils (21). Intriguingly, the TEM
analysis revealed that curli fibrils purified from the low-turbulence culture that contains
a pellicle biofilm displayed highly aggregated electron-dense spots in the images. This
level of aggregation could be due to highly organized curli and DNA networks as
several recent studies showed that amyloid and DNA form into highly ordered com-
plexes, which also affect their immunomodulatory capacity (41–43).

Studies of amyloid � have shown that oligomeric structures and protofibrils are
more cytotoxic and cause a greater degree of membrane disruption than their mature
fibrillar counterparts (21). This cytotoxicity was attributed to an enhanced ability of
the oligomeric structures to permeabilize membranes, a mechanism shared by many
amyloidogenic proteins (44, 45). By permeabilizing the membrane, it is hypothesized
that oligomers or protofibrils cause a chemical imbalance within the cell that leads to
deregulated calcium-dependent signal transduction pathways. The immune system

FIG 6 Working model. This figure is a comparison of the two different curli preparations used throughout
our experiments as well as the difference involved in their processing. High-turbulence growth condi-
tions produced smaller curli intermediates, which incorporate less DNA and are cytotoxic to murine
macrophages. Alternatively, low-turbulence growth conditions led to larger fibrillar aggregates, which
incorporate more DNA and are not cytotoxic to murine macrophages.
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recognizes the mature fibrillar amyloids as a conserved molecular pattern via Toll-like
receptor 2 (TLR2)/TLR1 heterocomplex (26, 43, 46–50) and the NLRP3 inflammasome
(25, 51–54). NLRP3 inflammasome activation leads to the activation of caspase 1 and
has been associated with an inflammatory type of cell death. In the case of amyloid �,
although NLRP3 is activated, which then leads to the activation of caspase 1, no cell
death was observed (55), suggesting that this pathway is not associated with the
cytotoxic events observed for the intermediate amyloid structures. Similarly, although
curli activate the NLRP3 inflammasome, this activation leads only to caspase-1 activa-
tion, not cell death (25). Therefore, the cytotoxicity associated with the intermediate
protofibrillar structures of curli may result from membrane disruption; however, this
needs to be confirmed.

Amyloid proteins are produced by up to 40% of bacteria. Both commensal and
pathogenic organisms produce amyloids that are secreted to the extracellular environ-
ment (2, 6, 23). Our study provides insight into the fibrillization kinetics of curli as well
as the role of mature curli fibrillar aggregates in the assembly of bacterial extracellular
matrix and its stability as we showed that intermediate structures of bacterial amyloids
form and that the presence of bacterial DNA accelerates mature fibrillar aggregate
formation, limiting cytotoxic effects. Further work is needed to identify their role in
host-microbe interactions and their immunological role within the host.

MATERIALS AND METHODS
Bacterial strains and growth conditions. S. Typhimurium strain IR715, a fully virulent, spontaneous

nalidixic acid-resistant derivative of strain ATCC 14028, was grown in Luria-Bertani broth (LB) supple-
mented with 50 �g/ml nalidixic acid at 37°C (56). The S. Typhimurium msbB mutant was previously
described (57). This strain was grown in 100 �g/ml kanamycin at 37°C.

Purification of curli. Curli aggregates were purified using a previously described protocol with some
modifications (34). Briefly, an overnight culture of S. Typhimurium IR715 msbB was grown in LB with
appropriate antibiotic selection with shaking (200 rpm) at 37°C. Overnight cultures were then diluted
1:100 in yeast extract supplemented with Casamino Acids (YESCA) broth with 4% DMSO to enhance curli
production (33). Bacterial cultures were grown in the either 150 ml liquid YESCA medium containing 4%
DMSO in a 250-ml flask or in 500 ml liquid YESCA medium in a 1-liter flask. These cultures were grown
at 26°C for 72 h with shaking (200 rpm). Bacterial pellets were collected by centrifugation, resuspended
in 10 mM Tris-HCl at pH 8.0, and treated with a mixture of 0.1 mg/ml RNase A (Sigma, R5502) from bovine
pancreas, 0.1 mg/ml DNase I (Sigma, DN25), and 1 mM MgCl2 for 20 min at 37°C. Bacterial cells were then
broken by sonication (30% amplification for 30 s twice). Next, lysozyme was added (1 mg/ml; Sigma,
L6876), and samples were incubated at 37°C. After 40 min, 1% SDS was added, and the samples were
incubated for 20 min at 37°C with shaking (200 rpm). After this incubation, curli were pelleted by
centrifugation (10,000 rpm in a J2-HS Beckman centrifuge with rotor JA-14 for 10 min at 4°C) and then
resuspended in 10 ml Tris-HCl (pH 8.0) and boiled for 10 min. A second round of enzyme digestion was
then performed as described above. Curli were then pelleted, washed in Tris-HCl at pH 8.0, and
resuspended in 2� SDS-PAGE buffer and boiled for 10 min. The samples were then electrophoresed on
a 12% separating/3 to 5% stacking gel run for 5 h at 20 mA (or overnight at 100 V). Fibrillar aggregates
are too large to pass into the gel and therefore remain within the well of the gel and can be collected.
Once collected, the curli aggregates were washed three times with sterile water and then extracted by
being washed twice with 95% ethanol. Purified curli were then resuspended in sterile water. Concen-
trations of curli aggregates were determined using the bicinchoninic acid (BCA) assay according to the
manufacturer’s instructions (Novagen, 71285-3).

Sedimentation assay. To determine the differences in aggregation and planktonic cell populations
between high-turbulence and low-turbulence conditions, 1 ml of culture was collected in a 1.5-ml tube
at 72 h. These tubes were allowed to sit at room temperature to allow aggregates to precipitate over
time. Images were taken at time zero and at multiple time points until no further sedimentation was
observed (�30 min).

Crystal violet staining. To image the pellicle-associated biofilm ring on the flask of shaken batch
cultures, biofilms were stained with 1% crystal violet. Once the liquid culture was removed from the
flasks— either for centrifugation or to be discarded—1% crystal violet was carefully added to the flask as
to not displace the biofilm material. The staining solution was then gently rolled around the flask until
the pellicle ring was fully stained, and the remaining crystal violet solution was removed. The crystal
violet-stained pellicle-associated biofilm rings were then imaged using a Google Pixel 2.

Flow cytometry. All flow cytometry experiments were completed using the FACSCanto II
fluorescence-activated cell sorter (FACS). Plasmid pDW6, which encodes a promoterless green fluores-
cent protein (GFP), and pDW5, which contains GFP under the control of a tetracycline promoter, were
kindly provided by Brad Cookson from the University of Washington (58). S. Typhimurium expressing GFP
under the control of the curli promoter was obtained by cloning the csgBA promoter from S. Typhimu-
rium IR715 using primer 5=-GGAATTCGAGACGTGGCATTAACCTGGACAGCACAA-3= and reverse primer
5=-GGGATCCGCTGTCACCCTGGACCTGGTCGTACATAGC-3=. The resulting PCR product was cloned up-
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stream of the gene encoding GFP on plasmid pDW6, yielding plasmid pCT125 (PcsgBA::gfp), which was
then electroporated into S. Typhimurium IR715.

To investigate the expression of csgBA under different batch culture conditions, we used S. Typhi-
murium IR715, which contains pCT125 or pDW6 as a negative control. The cultures were examined once
every 24 h for expression of csgBA via GFP expression. Briefly, 1 ml was sampled from shaken batch
cultures and centrifuged at 10,000 rpm for 5 min. These pellets were then resuspended in 500 �l
phosphate-buffered saline (PBS), and GFP was detected in the fluorescein isothiocyanate (FITC) channel
by FACS.

To investigate cell death in batch cultures, 1 ml was sampled from each of the growth conditions and
pelleted. This pellet was washed once with PBS, resuspended in propidium iodide (2 �l/ml), and
incubated for 15 min at room temperature protected from light. These cells were then washed once with
PBS and resuspended in 500 �l PBS. Propidium iodide staining was evaluated in the peridinin chlorophyll
protein (PerCP)-Cy5.5 channel by FACS.

Thioflavin T assay. A 1:1 mixture of 50 �l of curli (400 �g/ml) and 50 �l 10 �M thioflavin T was
added to wells of a black 96-well plate and incubated for 10 min. After incubation, the relative
fluorescence intensity was determined by a BMG Labtech POLARstar Omega plate reader using an
excitation of 440 nm and an emission of 500 nm. In some experiments, genomic DNA (0.1, 1, 10, 20, 100,
and 200 ng) extracted from S. Typhimurium cells and dissolved in PBS was added to curli preparations.
These mixtures were then incubated at 37°C for 24 h.

Confocal laser scanning microscopy. For confocal images of purified curli, preparations from each
of the two conditions were stained with a 1:1 ratio of 10 �M thioflavin T to curli (400 �g/ml), and 5 �l
was spotted onto a microscopy slide. Spots were allowed to dry completely, and then images were
analyzed on the Leica SP5 microscope with a TCS confocal system at magnifications as noted. For
enumeration of aggregates by size, the LAS AF confocal system was used to draw scale bars on
aggregates from multiple fields, and aggregates’ sizes were recorded up to total numbers of 60 to 200
aggregates.

Transmission electron microscopy. Purified curli were prepared as described above, but were
diluted to 1 mg/ml and frozen in 25% sucrose solution. Samples were absorbed to 200-mesh copper
grids coated with Formvar/carbon (Electron Microscopy Sciences, Hatfield, PA) and stained with 2%
uranyl acetate. Samples were visualized with an FEI Tecnai T12 transmission electron microscope
equipped with 2K � 2K Megaplus camera model ES 4.0 (Roper Scientific MASD, San Diego, CA).

DNA extraction. Beginning with 500 �g of curli fibril complexes based on the BCA assay, complexes
were centrifuged at 10,000 rpm for 3 min and resuspended in 550 �l of TE buffer (10 mM Tris [pH 8.0],
1 mM EDTA), 30 �l of 10% sodium dodecyl sulfate, and 20 �l of 20 mg/ml proteinase K and mixed
without vortexing. This mixture was incubated at 37°C for 1 h. After incubation, 100 �l of 5 M NaCl and
80 �l of cetyltrimethylammonium bromide (CTAB) were mixed into the solution. After incubation at 37°C
for 10 min, 300 to 400 �l of phenol-chloroform–isoamyl alcohol (Fisher BP1754-400) was added and
mixed well without vortexing. The mixture was then centrifuged at 13,000 rpm for 5 min at 4°C. The
supernatant was transferred to a 1.5-ml tube, and 700 �l of chloroform was added. The solution was
mixed by pipetting and centrifuged again. Once again, the supernatant was transferred to a clean 1.5-ml
tube, and an equal volume of isopropanol was added and shaken by hand to mix. This mixture was then
incubated at �20°C for at least 30 min to precipitate DNA. The DNA was pelleted by centrifugation at
12,000 rpm for 5 min at 4°C. The pellet was then washed with 1 ml of 70% ethanol and spun down once
more at 7,500 rpm for 5 min. The final DNA pellet was resuspended in 30 �l TE buffer, and DNA content
was measured using a NanoDrop2000 spectrophotometer.

Lactate dehydrogenase assay. Bone marrow-derived macrophages were generated from the leg
bones of C57BL/6 wild-type mice. Macrophages were differentiated as previously described (49). Cells
were plated at 5 � 105 cells/well and stimulated for 24 h with curli fibrillar aggregates (10 �g) prepared
with or without shaking and a 1:20 multiplicity of infection with fully virulent S. Typhimurium IR715. S.
Typhimurium IR715 was diluted 1:40 from an overnight culture in LB supplemented with 5 mM NaCl and
grown statically at 37°C for 2 h. Supernatants and cell lysates were analyzed using the lactate dehydro-
genase (LDH) assay. The LDH assay was performed using the Cytotox 96 nonradioactive cytotoxicity assay
(Promega, G1780) according to the manufacturer’s protocol. Briefly, supernatants were collected from
stimulated cells. The 10� lysis buffer supplied with the kit was diluted to 1� and added to cells in
medium or PBS, and samples were incubated for 30 min at 37°C. Cell lysates were then collected for total
LDH determination. One vial of substrate was resuspended in 12 ml of assay buffer, and 50 �l was added
to each well of either supernatant or lysate (50 �l) in a 96-well plate. The plate was then incubated in the
dark at room temperature for 15 min. Following incubation, 50 �l of stop solution supplied with the kit
was added to each well. Absorbance was read on the BMG Labtech POLARstar Omega plate reader at
490 nm. Cell death was calculated as a ratio of LDH activity in supernatant to LDH activity of lysed cells.

Live/dead staining. Cells were stained using the ReadyProbes cell viability imaging kit (Thermo
Fisher, R37609) following the manufacturer’s instructions. Briefly, 2 drops of each color stain was added
per 1 ml of medium, and stain was aliquoted into each well and incubated at room temperature for
15 min protected from light. Cells were then imaged on the EVOS FL Auto 2 microscope. Analysis of
images to determine the percentage of dead cells to live cells was done using the HCS Studio software
system.

Dot blots. Dot blotting to detect curli within curli aggregates was completed by first carefully
spotting 2 �l of serially diluted complexes beginning with a 500-�g/ml solution on a piece of polyvi-
nylidene difluoride (PVDF) membrane. The spots were given 1 to 2 h to fully dry. Next, the membrane was
blocked in Tris-buffered saline (TBS [pH 7.5]) with 5% nonfat dry milk for 1 h at room temperature with
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rocking. The membrane was then incubated in 1:500 primary anti-CsgA antibody (generated in rabbit)
diluted in TBS blocking buffer with 0.05% Tween 20 for 1 h with rocking. The membrane was then
washed three times with TBS blocking buffer for 10 min each wash. Finally, the membrane was incubated
in a 1:5,000 Li-Cor secondary antibody (anti-rabbit antibody) and blocking buffer with Tween for 1 h at
room temperature with rocking. The membrane was then washed three times in TBS blocking buffer and
then once with PBS and imaged on the Odyssey imaging system (Li-Cor).

Statistical analysis. Data were analyzed using Prism software (GraphPad, San Diego, CA). Student’s
t test was used as appropriate. Error was determined by standard error of the mean. P values of �0.05
were considered significant and are noted on the figures.
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