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Abstract

Background: Bacterial spores are protected by a coat consisting of about 60 different proteins assembled as a biochemically
complex structure with intriguing morphological and mechanical properties. Historically, the coat has been considered a
static structure providing rigidity and mainly acting as a sieve to exclude exogenous large toxic molecules, such as lytic
enzymes. Over recent years, however, new information about the coat’s architecture and function have emerged from
experiments using innovative tools such as automated scanning microscopy, and high resolution atomic force microscopy.

Principal Findings: Using thin-section electron microscopy, we found that the coat of Bacillus spores has topologically
specific proteins forming a layer that is identifiable because it spontaneously becomes decorated with hydrophobic
fluorogenic probes from the milieu. Moreover, spores with decorated coat proteins (termed F-spores) have the unexpected
attribute of responding to external germination signals by generating intense fluorescence. Fluorescence data from diverse
experimental designs, including F-spores constructed from five different Bacilli species, indicated that the fluorogenic ability
of F-spores is under control of a putative germination-dependent mechanism.

Conclusions: This work uncovers a novel attribute of spore-coat proteins that we exploited to decorate a specific layer
imparting germination-dependent fluorogenicity to F-spores. We expect that F-spores will provide a model system to gain
new insights into structure/function dynamics of spore-coat proteins.
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Introduction

Bacilli and Clostridia have a two-stage lifecycle in which growing

bacteria in response to nutritional deprivation undergo an elaborate

developmental program leading to spore formation. Spores play

critical roles in long term survival of the species because they are highly

resistant to extreme environmental conditions and also capable of

remaining metabolically dormant for years. Despite their ruggedness

and extreme longevity, spores rapidly respond to the presence of small

specific molecules known as germinants that signal favorable

conditions for breaking dormancy through germination, an initial

step in the process of completing the lifecycle by returning to

vegetative bacteria. Early molecular events triggering germination

have remained an elusive target partly because they include a complex

cascade of biochemical and structural changes that take place without

any apparent energy source (see [1,2] for recent reviews).

The spore’s exceptional resistance is attributed to its distinctive

morphology consisting of three concentric separate compartments:

the core, cortex, and coat. At the center, the core houses the DNA

and RNA and is encased by the cortex, a thick peptidoglycan layer,

which in turn, is surrounded by the coat, a multilayer assembly of

heterogeneous proteins [3,4,5].

Historically, the coat has been considered a static structure

providing rigidity and mainly acting as a sieve to exclude exogenous

large toxic molecules, such as lytic enzymes. Over recent years,

however, new information about the coat’s architecture and

function have emerged from experiments using innovative tools

such as automated scanning microscopy [6] and high resolution

atomic force microscopy [7,8]. At present, the coat is regarded as a

mechanically flexible structure capable of undergoing rapid volume

expansion and contraction without any apparent effect on the

dormancy of spores [6,9]. Considering this remarkable dynamism in

the context of the coat’s elaborate biogenesis [5], convoluted surface

morphology [7,8,10] and network of about 60 different proteins

[11,12], it seems reasonable to assume that other novel attributes

and functions of the coat are yet to be uncovered [3].

Here we report a previously unrecognized physiological

property of the coat in dormant Bacillus spores from different

species. Namely, spores exposed to hydrophobic fluorogenic

probes—such as fluorescein acyl esters and nucleic acid stains of

the Syto family—spontaneously use the probes to decorate coat

proteins forming a well-defined layer that is clearly distinguishable

under thin-section electron microscopy (TEM). In addition, we

found that spores with decorated layers (termed F-spores) are
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fluorogenic, i.e., they generate intense green fluorescence upon

germination. As described below, data from different lines of

experimentation show that the fluorogenic ability of F-spores is

under control of the germination apparatus. Altogether, our results

indicate that F-spores have potential as tools for studying

germination-dependent dynamic changes of coat proteins.

Results

Topological Specificity and Quantification of Decorated
Layers in F-Spores

Decorated layers were visualized by TEM using 60-nm

cryosections of B megaterium F-spores constructed with diacetyl-

2,4,5,7-tetraiodo-fluorescein, an electron-dense fluorogenic sub-

strate of esterases. Cryosectioning was essential for two reasons:

first, to avoid use of organic solvents causing loss of hydrophobic

fluorogenic substrates; and second, to circumvent staining of the

outer coat proteins with heavy metals, such as lead, osmium and

uranium, normally used for conventional TEM. Therefore, we

used a cryosectioning method employing reagents devoid of

electron-dense atoms. As illustrated in Fig. 1a, cryosections of F-

spores show a clearly distinguishable electron-dense layer of about

14-nm thickness attributable to binding of diacetyl-2,4,5,7-

tetraiodo-fluorescein because no similar layer is present in

dormant spores (Fig. 1b). The electron-dense layer appears to be

located in the coat near the spore surface (Fig. 1a inset), although a

location in the exosporium near the coat cannot be excluded

because the exosporium may not be visible under these conditions.

In contrast to F-spores, cryosections of normal spores show a

broader, uniform layer of reduced electron density (Fig. 1b).

Within the context of these results, it should be mentioned that

electron micrographs obtained by conventional TEM show an

electron-dense layer in the outer coat, which is the result of heavy

metal staining [13]. This fact, unfortunately, has led to an

improper phraseology persisting in the literature indicating that

spores have an ‘‘electron dense’’ outer layer (please see Appendix

S1). Therefore, to facilitate interpretation of our results, we have

included a line drawing of a conventional electron micrograph

showing a thin section of a Bacillus spore in which the dark-staining

outer coat is evident (Fig. 1c).

Using chemical analysis, we established that F-spores construct-

ed with diacetyl-2,4,5,7-tetraiodo-fluorescein had an average of

1.86106 fluorogenic molecules per cell. Using this value and the

mass of the electron-dense layer estimated from Fig. 2, we

calculated the average decoration density to be one fluorogenic

molecule per 6.2 kDa protein residue.

Germination-Dependent Fluorogenicity of F-Spores
Initial experiments—using B. megaterium F-spores constructed

with diacetylfluorescein—indicated that F-spores generate intense

green fluorescence during germination (Fig. 2).

To ascertain that the fluorogenic activity of F-spores is under

control of the germination mechanism, we used four different lines

of experimentation: (i) germinant specificity; (ii) kinetics of ger-

mination; (iii) F-spores derived from germination-defective mu-

tants; and (iv) effect of lethal conditions.

To study germinant specificity, we constructed F-spores from B.

megaterium, ATCC No. 14581, a strain producing spores that are

specifically germinated by a family of monosacharides closely

related to D-glucose. The response of F-spores to germinants was

measured in terms of both fluorogenic ability and loss of optical

density, a traditional parameter for quantitative measurements of

germination rate based on rapid reduction of the spore’s refractive

index immediately after breaking dormancy [14,15]. As shown in

Fig. 3, fluorescence and loss of optical density were concomitantly

induced by either D-glucose or 2-deoxy-D-glucose (both germi-

nants of normal spores), whereas 6-deoxy-D-glucose (which is

not an inducer) did not elicit either fluorescence or optical density

loss. In addition, we established that other carbohydrates that

are not germinants of normal spores invariably failed to induce

Figure 1. Topologically specific electron-dense layer in F-spores.
Electron micrographs of unstained ultrathin (60 nm) cryosections. (a) F-
spores from B. megaterium constructed with diacetyl-2,4,5,7-tetraiodo-
fluorescein, an electron-dense fluorogenic probe. A conspicuous dark
layer of about 14-nm thickness indicates binding of the high electron
density probe to topologically specific coat proteins.* (b) Normal spores.
(c) Line drawing representing a spore cross section: OC, outer coat; IC,
inner coat; CO: cortex. Scale bars: 500 nm (a–b) and 40 nm (a Inset).
doi:10.1371/journal.pone.0009283.g001

Fluorogenic Spores (F-Spores)
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germination of F-spores. These included D-fructose, D-maltose,

methyl-ß-D-glucopyranoside, and methyl-a-D-glucopyranoside

(data not shown).

Germinant specificity was also tested using F-spores constructed

from different bacterial strains representing five species, B. anthracis,

B. atrophaeus, B. cereus, B. megaterium, and B. subtilis. F-spores from

each species representative were exposed to germinants known to be

specific for the particular species, and their fluorogenic response was

measured by the fluorescence produced after incubating the F-

spores at 37uC for 20 min. The results showed that F-spores from

each species were consistently induced to produce fluorescence by

their corresponding specific germinants (Table 1). Quantitatively,

the ratio between induced and baseline fluorescence (signal-to-noise

ratio) was found to be consistently high (.400).

To determine germination kinetics of F-spores, we measured

fluorescence and loss of optical density at short time intervals after

inducing germination (Fig. 4). The results indicated that fluores-

cence has an initial lag period of approximately 3 min followed by a

10-min exponential increase. In these experiments, the loss of

optical density of F-spores followed germination kinetics of normal

spores, which typically show a brief lag, and a near maximal loss of

approximately 50% occurring 10–15 min after inducing germina-

tion. The 3-min lag in fluorescence could be ascribed to activation of

esterases during germination since it is comparable to the 4-min lag

previously observed in germination kinetics of normal B. anthracis

spores, which was measured by hydrolysis of extracellular diacetyl-

fluorescein (compare Fig. 4 to Fig. 1 in reference [28]).

Figure 2. Germination-dependent fluorogenicity of F-spores.
Image of two side-by-side glass fiber disks (6.35-mm diameter) each
containing about 2.56107 F-spores of B. megaterium constructed with
diacetylfluorescein. Left: Dormant F-spores. Right: F-spores exposed to
germinant (4 mM D-glucose). Disks were prepared as indicated in
Materials and Methods, and their fluorescence images were captured
after incubation for 10 min at 37uC.
doi:10.1371/journal.pone.0009283.g002

Figure 3. Germinant Specificity of F-spores. B. megaterium F-
spores (constructed with diacetylfluorescein) were exposed to 4 mM of
the indicated D-glucose derivatives at 37uC for 20 min. Fluorescence:
Black bars. Optical density loss: White bars. Fluorescence and optical
density loss were measured as indicated in Materials and Methods. Data
were normalized using as 100% the values of F-spores induced to
germinate by D-glucose. Error bars indicate SD of the mean.
doi:10.1371/journal.pone.0009283.g003

Table 1. Fluorogenic ability of F-spores constructed from
different Bacillus spores.

F-sporesa Fluorescence (pixels/disk)b S/Nc

Germinantd None

B. anthracis 91,917614,171 2136138 432

B. atrophaeus 164,099612,615 0 ‘

B. cereus 41,92562,246 19613 2,207

B. megaterium 74,051612,215 2460 3,085

B. subtilis, PS533 (parental) 15,53662,261 569 3,107

B. subtilis, FB72 (ger-3) 365 0

B. subtilis, FB113 (cwlJ sleB). 365 0

B. megaterium (killed) 0 0

aF-spores were constructed using 3 mM diacetylfluorescein.
bAverage fluorescence of triplicate measurements 6 SD of the mean.
cS/N, signal-to-noise ratio.
dGerminants: For B. anthracis and B. cereus, 2.5 mM L-alanine together with
0.6 mM inosine—for B. subtilis, 1.1 mM L-alanine —for B. megaterium, 2.5 mM
D-glucose—for B. atrophaeus, LB medium. Germination was induced at 37uC for
20 min.
doi:10.1371/journal.pone.0009283.t001

Figure 4. Germination kinetics of F-spores. B. megaterium F-
spores (constructed with diacetylfluorescein) were induced to germi-
nate by adding D-glucose (4 mM final concentration) at zero min, and
fluorescence was measured at intervals as indicated in Materials and
Methods. Black symbols: F-spores with germinant. White symbols: F-
spores without germinant. Squares: Fluorescence. Circles: Optical
density expressed as percentage of maximal loss (53%).
doi:10.1371/journal.pone.0009283.g004
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To analyze F-spores derived from germination-defective

mutants, we constructed F-spores from two different mutants of

B. subtilis, FB72 (ger-A ger-B gerK) and FB113 (cwlJ sleB). The former

is impaired in three different germinant receptors [16], and the

latter cannot degrade the spore cortex [17]. Our results showed

that F-spores from these mutants—unlike F-spores from PS533,

the parent strain—do not exhibit fluorogenicity (Table 1). This

lack of fluorogenicity is probably associated with the germination

defects because the mutant F-spores had an average of 1.36106

fluorogenic probes per F-spore as established by quantitative

chemical analysis.

The effect of lethal conditions was tested by exposing B.

megaterium F-spores to ethylene oxide for 16 h at a dose normally

used for 100% killing of spores. We observed that ethylene oxide

did not release fluorogenic probes from the F-spores (data not

shown), but caused them to completely lose fluorogenic function-

ality (Table 1).

Fluorogenicity of Individual F-Spores
To study distribution of fluorogenic functionality in individual

F-spores, we used F-spores of B. megaterium (ATCC No. 14581)

constructed with Syto 9. The reason for selecting Syto 9 is

because its fluorescence increases significantly when bound to

DNA or RNA [18], and therefore the fluorescent product should

remain within the F-spores, whereas acyl esters of fluorescein

generate water-soluble fluorescent products effluxing from

germinated F-spores (data not shown). Specifically, germinated

F-spores were placed on a microscope slide coated with agarose,

and digital images were acquired using a fluorescence micro-

scope. From the images, the fluorescence of single F-spores was

quantitatively assessed using image analysis. The results (Fig. 5)

indicate a normal distribution of fluorogenicity with average

fluorescence intensity of 4,645 relative units per F-spore, and a

median of 62% with average of 4,471 relative units per F-spore.

A relatively small proportion (7%) of the population had no

measurable fluorescence.

Discussion

This work uncovers two unprecedented properties of coat

proteins in Bacillus spores of various species. First, dormant spores

spontaneously incorporate hydrophobic fluorogenic probes from

the extracellular milieu, and use the probes to decorate a dis-

crete layer of coat proteins. Second, the decorated layer causes

spore fluorogenicity through a putative germination-dependent

mechanism.

The adsorption of hydrophobic molecules by the coat can be

rationalized since dormant spores have hydrophobic characteris-

tics [19,20]—probably due to the presence of hydrophobic coat

proteins [21]—and have recently been shown to bind lypophilic

dyes [22]. What is unexpected, however, is the topological

specificity of the decorated layer indicating an unprecedented

protein organization among coat proteins.

The layer is located near the surface of the outer coat (Fig. 1a),

and it does not appear to include exosporium proteins (which may

or may not be present in B. megaterium spores) because a similarly

looking layer is observed in F-spores of B. subtilis (a genus without

exosporium) constructed with fluorescein mercuric acetate, an

electron-dense molecule (data not shown).

Before hypothesizing about the putative germination-dependent

mechanism, we must take into account that Syto probes and

fluorescein esters derive their fluorogenicity from entirely different

biochemical pathways: Syto probes are weakly fluorescent

molecules that significantly increase (e.g., 10–20 times) their

fluorescence quantum yield by intercalating with DNA or RNA

[18]; whereas fluorescein esters are non-fluorescent molecules

producing intracellular fluorescent products when hydrolyzed by

esterases [23].

To account for the fluorogenicity of F-spores constructed with

Syto 9, we propose a minimal mechanistic model schematically

shown in Fig. 6. In the dormant F-spore, Syto 9 is constrained

within hydrophobic domains of the decorated proteins (Fig. 6a).

During early germination events, the decorated proteins undergo

conformational changes leading to hydrophobic-hydrophilic tran-

sitions that promote the release of Syto 9. In Fig. 6b, the transition is

Figure 5. Distribution of fluorogenic functionality among F-
spores. Histogram of fluorescence intensity among individual F-spores
constructed with Syto 9. Fluorescent intensity was measured as
indicated in Material and Methods.
doi:10.1371/journal.pone.0009283.g005

Figure 6. Schematic model of hydrophobic-hydrophilic transi-
tions causing release of non-polar decorating fluorogenic
molecules. The model shows how decorated coat proteins release a
hydrophobic molecule by undergoing a germination-triggered hydro-
phobic-hydrophilic conformational change. Amino acid residues are
depicted as balls and molecular sizes are not to scale. Disulfide bonds
are not shown for simplicity. A. Cross-linked coat proteins become
decorated by non-covalent binding of a non-polar fluorogenic molecule
within a hydrophobic domain. B. During germination, the domain
undergoes conformational changes causing a hydrophobic-hydrophilic
transition (e.g., appearance of positive charges) and concomitant
release of the fluorogenic molecule.
doi:10.1371/journal.pone.0009283.g006
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shown as appearance of a positive charge. After release, Syto 9 is

free to diffuse into the core where its fluorescence increases upon

binding DNA and RNA. Precedents for postulating hydrophobic-

hydrophilic transitions in proteins derive from studies of molecular

chaperones [24,25] and bacteriophage protein rearrangements

[26,27] in which an event—such as ligand binding or proteolysis—

triggers hydrophobic-hydrophilic changes via conformational

changes [28].

The model also explains the fluorogenicity of F-spores

constructed with fluorescein esters since the germination-depen-

dent hydrophobic-hydrophilic transitions in the decorated proteins

would cause release of the bound ester molecules, which in turn

diffuse in the cell and contact esterases (which are activated during

germination) that hydrolyze them producing fluorescence [29]. It

should be noted that fluorescein esters of short chain fatty acids,

such as acetic and propionic acids, are hydrolyzed rather non-

specifically by a broad family of intracellular enzymes including

esterases, lipases, and proteases [30].

We should emphasize that implicit in the model is the

assumption that the different hydrophobic fluorogenic probes

used in this study behave much like diacetyl-2,4,5,7-tetraiodo-

fluorescein. Indirect evidence supporting this assumption derives

from competition experiments showing that fluorogenic probes

displace each other from F-spores (data not shown). For example,

diacetyl-2,4,5,7-tetraiodofluorescein was displaced 92% by an

equal concentration of dibutyrylfluorescein.

Based on these results, we anticipate that F-spores constructed

from coat protein-defective mutants will provide the means to

identify particular proteins present within the decorated layer. In

addition, we expect that F-spores constructed with functionally

different probes will serve to monitor dynamic changes occurring

among coat proteins soon after triggering germination, a research

area remaining as an elusive target [1,2]. For instance, F-spores

constructed with fluorescein mercuric acetate—an electron dense

fluorogenic substrate used as a probe that reacts specifically with

sulfhydryl groups of proteins [31]—would serve a dual-purpose: to

visualize molecular rearrangements of decorated proteins using

TEM, and to quantitatively measure formation and breakage of

disulfide bridges in space and time using fluorimetry.

Finally, the spore’s ability to adsorb and specifically release

hydrophobic molecules may find practical uses in emerging

applications of spores as biosensors [32].

Materials and Methods

Bacterial Strains and Spore Preparation
The following bacteria were obtained from the American Type

Culture Collection (ATCC, Manassas, VA): B. atrophaeus (ATCC

9372), B. cereus (ATCC 10876), and B. megaterium (ATCC 14581).

B. anthracis, Sterne strain, was obtained from the National

Veterinary Services Laboratory (Ames, IA). B. subtilis, strains

PS533 (parent strain), FB72 (ger-A gerB gerK), and FB113 (cwlJ sleB)

were generous gifts of P. Setlow (University of Connecticut Health

Center, Farmington, CT). Bacteria were grown in Luria-Bertani

medium at 30uC or 37uC, and spores were prepared and heat-

activated as previously described [29].

F-Spore Preparation
Two different methods were used for constructing F-spores.

Most often, they were prepared in aqueous medium by mixing

200 ml of a spore suspension (109 spores per ml) in 100 mM

TRIS—20 mM NaCl, pH 7.4 (TRIS-NaCl) buffer with 5 ml of

dimethyl sulfoxide containing a fluorogenic molecular probe at

concentrations varying from 1.0 to 12 mM. The mixture was

incubated at room temperature with occasional shaking for

15 min, and then the spores were separated by centrifugation at

16,2006g for 5 min at 4uC. After washing the spores twice with

200 ml cold TRIS-NaCl, they were resuspended in the same buffer

and stored at 0uC for periods up to 48 h. Alternatively, for

prolonged storage of F-spores in dry form, we used the following

procedure. A 25-ml spore suspension (in sterile deionized water)

was centrifuged in an acetone-resistant conical tube (Beckman

polyallomer tube #357448) at 16,2006g for 5 min at 4uC, and the

resulting pellet was dried under vacuum for 90 min. The dried

spores were resuspended in 35 ml acetone containing a fluorogenic

molecular probe at concentrations ranging from 1.0 to 12 mM.

The spore suspension was dried under vacuum for 60 min and

then stored over silica gel desiccant at room temperature. Under

these conditions, F-spores were stable for periods up to 80 weeks.

Prior to their use, F-spores were resuspended and washed twice in

either TRIS-NaCl or 50 mM sodium phosphate, pH 7.25. It is

notable that F-spores are indistinguishable from normal spores in

cellular viability, heat resistance at 100uC, and refractivity under

phase contrast microscopy.

The molecular probes used for constructing F-spores included:

diacetyl-2,4,5,7-tetraiodofluorescein, diacetylfluorescein, dibutyr-

ylfluorescein, dipropionylfluorescein, and 3-O-methyl-fluorescein

acetate—synthesized as previously described [33]—fluorescein

mercuric acetate (Fluka, Milwaukee, WI), Syto 9, Syto 16, Syto 21,

Syto 23, and Syto BC (Invitrogen, Carlsbad, CA). Typically, F-

spores had approximately 36106 fluorogenic molecules per cell, as

determined by chemical analysis.

Quantitative Assessment of Germination
Fluorescence of F-spores during germination was measured on

glass fiber disks (6.35 mm diameter, GF/A Whatman, Piscataway,

NJ) each receiving a 12-ml sample from a 40-ml reaction mixture

containing TRIS-NaCl, 36107 spores, and germinant (e.g., L-

alanine, D-glucose, and inosine) at concentrations varying from

0.2 to 2 mM. The disks were incubated in a moist chamber at

37uC for 10–20 min, and their fluorescence was quantitatively

measured in situ using an image analyzer [34]. Triplicate

measurements were made for each determination, and the average

green fluorescence was expressed as number of fluorescent pixels

within a circular region of 3,600 pixels in the center of each disk.

Pixel data were not corrected for either threshold or baseline

fluorescence, which was obtained from control disks without

germinant. Generally, baseline fluorescence ranged from 0 to 350

pixels per disk. Kinetic experiments were performed by placing

glass fiber disks containing reaction mixtures with F-spores on a

thermostated heating block positioned under the image analyzer

[29]. Loss of optical density during spore germination was

measured as previously described [15].

Cryosectioning and Electron Microscopy
Cryosectioning was selected because—in contrast to conven-

tional sectioning using embedding resins—it does not require

organic solvents that could remove fluorogenic probes from F-

spores. Heat-activated spores of B. megaterium (ATCC No. 14581)

were converted to F-spores as indicated above by exposure to

TRIS-NaCl containing 13.2 mM diacetyl-2,4,5,7-tetraiodofluores-

cein, an electron dense fluorogenic substrate. F-spores suspended

in phosphate-buffered saline were fixed in 2.5% glutaraldehyde

(EM grade, Polysciences, Warrington, PA) at room temperature

for 30 min, and then were separated by centrifugation at

16,2006g for 5 min at 4uC. After washing the spores twice with

200 mM glycine to eliminate excess glutaraldehyde, the spore

pellet was covered with 2.3 M sucrose (without disturbing the

Fluorogenic Spores (F-Spores)
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pellet) and stored at 0uC overnight. A portion of the pellet was

mounted on an aluminum pin, excess sucrose was removed with a

filter paper, and the pin was plunged into liquid nitrogen.

Ultrathin sections (60 nm) were cut at 2120uC with a cryo-

diamond knife. Sections were picked up from the knife with a loop

dipped in 2.3 M sucrose and transferred to a formvar/carbon

coated copper grid. Grids were floated on a drop of 2% methyl

cellulose (in water) for 5 min, picked up with a loop and excess

methyl cellulose was removed with a Whatman #1 filter paper to

form an even layer of methyl cellulose over the grid (to avoid

drying artifacts). Cryosections from normal spores were used as

controls. Grids were examined by TEM using a Tecnai Gu Spirit

BioTWIN. We should note that cryosections were not stained.

Distribution of Fluorogenic Ability among Individual
F-Spores

F-spores of B. megaterium (ATCC No. 14581) constructed with

Syto 9 were germinated by exposure to 1.6 mM D-glucose in

TRIS-NaCl at 37uC for 20 min. The germinated F-spores were

placed on a slide coated with agarose, and digital images were

immediately captured using a fluorescence microscope (Zeiss,

Thornwood, NY) equipped with a Kodak MDS 290 camera.

From images showing about 200 F-spores, fluorescence of

individual F-spores was quantitatively measured using image

analysis software (Scanalytics, Rockville, MD). Briefly, two images

of the same microscope field were collected using phase contrast

and fluorescence microscopy. The phase contrast image served for

locating individual spores, and the fluorescence image was used for

quantitative measurements of fluorescence by determining the

number of green fluorescent pixels in circular areas containing

individual spores (areas without spores provided baseline fluores-

cence). Pixel data were not corrected for threshold, and the

baseline fluorescence was zero.

Supporting Information

Appendix S1

Found at: doi:10.1371/journal.pone.0009283.s001 (0.04 MB

RTF)
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