
Received: 7 November 2008, Accepted: 14 January 2009, Published online in Wiley InterScience: 3 March 2009

Atomic force microscopy study of germination
and killing of Bacillus atrophaeus sporesy

Paola A. Pinzón-Arangoa, Geoffrey Schollb, Ramanathan Nagarajanb,
Charlene M. Mellob and Terri A. Camesanoa*

Bacterial spores such as Bacillus atrophaeus are one of themost resistant life forms known and are extremely resistant
to chemical and environmental factors in the dormant state. During germination, as bacterial spores progress towards
the vegetative state, they become susceptible to anti-sporal agents. B. atrophaeus spores were exposed to the
non-nutritive germinant dodecylamine (DDA), a cationic surfactant that can also be used as a killing agent, for up to
60min, or to the nutrient germinant L-alanine. In kinetic studies, 99% of the spores were killed within 5min of
exposure to DDA. Atomic force microscopy (AFM) can be used as a sensitive tool to assess how the structure of the
spore coat changes upon exposure to germinants or killing agents. Changes in cell height and roughness over time of
exposure to DDAwere examined using AFM. DDA caused the spore height to decrease by >50%, which may have been
due to a partial breakdown of the spore coat. Treatment of B. atrophaeus with the nutrient germinant resulted in a
decrease in height of spores after 2 h of incubation, from 0.7W 0.1mm to 0.3W 0.2mm. However, treatment with
L-alanine did not change the surface roughness of the spores, indicating that the changes that occur during
germination take place underneath the spore coat. We propose that exposure to DDA at high concentrations causes
pores to form in the coat layer, killing B. atrophaeus without the need to fully germinate spores. Published 2009 by
John Wiley & Sons, Ltd.
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INTRODUCTION

Under nutrient deprivation, vegetative cells of Bacillus spp. and
Clostridium spp. are able to undergo a restructuring and
differentiation process known as sporulation (Atrih and Foster,
2002; Chada et al., 2003; Giorno et al., 2007). Bacterial spores are
metabolically dormant and are the most resistant life forms
known. Their inner cell membrane surrounds and protects the
core of the spore, which contains its chromosome and other
cellular contents. This membrane is protected from external
environmental factors by a nearly 100 nm barrier consisting of a
polymer layer and protein coat (Figure 1) (Henriques and Moran,
2000). Because of their unique structure and morphology, spores
can overcome environmental and chemical factors such as
radiation, desiccation, heat, changes in pH and exposure to toxic
chemicals (Slieman and Nicholson, 2001; Setlow, 2003; Plomp
et al., 2007). Dormant spores are able to constantly monitor their
surrounding environment so that when nutrients become
available, they can return to a vegetative state, after passing
through the stages of germination and outgrowth (Setlow, 2003).
Because of their virulent pathogenic nature, B. anthracis and
other spores are problematic since they can be used as
biowarfare and bioterrorism agents causing severe and fre-
quently lethal foodborne and airborne diseases, such as
pulmonary anthrax (Atrih and Foster, 2002; Akoachere et al.,
2007).
The current theory of spore inactivation assumes that in most

deactivation technologies germination must occur before spores
can be killed by anti-sporal agents (Atrih and Foster, 2002), while
some examples of spore killing, even in the absence of
germination, also exist (Tennen et al., 2000). Germination can

be triggered in response to nutrients, such as amino acids, sugars
and purine nucleosides, or by non-nutrient factors such as
lysozyme, Ca2þ-DPA, cationic surfactants, high pressures or salts
(Setlow, 2003). During the first phase of germination, the spore
releases Hþ, monovalent cations and Zn2þ, which causes an
elevation of pH in the core (Jedrzejas and Setlow, 2001; Setlow,
2003). This is followed by the release of Ca2þ and pyridine-2
6-dicarboxylic acid (dipicolinic acid (DPA)), accounting for
approximately10% of the spores dry weight (Setlow, 2003). As
DPA is released, water molecules enter and hydrate the core,
causing a loss of heat resistance (Slieman and Nicholson, 2001).
During the second stage, further water uptake allows for
hydrolysis of the spore cortex and swelling of the core and
germ cell wall. After expansion of the core, metabolism begins
and macromolecular synthesis converts the spore into a
germinated cell, by breaking of the spore coat and final release
of a vegetative cell (outgrowth) (Atrih and Foster, 2002).
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Dodecylamine (DDA) is a cationic surfactant that has been
used as a chemical agent to stimulate spore germination (Rode
and Foster, 1961; Setlow et al., 2003). Previous work with B. subtilis
indicated that the mechanism by which DDA triggers germina-
tion is different from how other nutrients and non-nutrient
factors, such as Ca2þ-DPA (Setlow et al., 2003). Rather than
binding to nutrient germinant receptors or to cortex lytic
enzymes, DDAmay act against and compromise the spore’s inner
membrane (Setlow et al., 2003). B. megaterium spores exposed to
6� 10�5M DDA for more than 3min could be killed as
germination was taking place, suggesting that DDA both
germinates and deactivates B. megaterium (Rode and Foster,
1961).
Traditional methods to study spore germination rely on bulk or

indirect measurements. For example, spore germination is
monitored by quantifying the amount of DPA released, through
optical density measurements (Setlow et al., 2003). Spore activity
can also be monitored, such as assessment of the percentage of
mammalian cells killed due to germination of spores (Akoachere
et al., 2007). One direct method to study spore germination is to
use electron microscopy to examine how the morphology of the
spores changes during germination (Zaman et al., 2005).
However, this technique has limitations since sample preparation
dehydrates cells and can affect morphology, which would lead to
misinterpretation of the images.
Atomic force microscopy (AFM) is a technique that can be used

to examine individual spores with minimal sample preparation
and it has been widely used to study epithelial cells, bacteria,
viruses and fungi in their native conditions (Dufrene, 2002).
Changes in morphology and ultrastructure of several Bacillus spp.
before and after exposure to different nutrient germinants were
studied using AFM, such as determining how mutations in
particular coat proteins affect germination (Chada et al., 2003).
Most of these studies focused on a qualitative understanding of
how the spore coat changes during germination and how these
changes affect spore size (Plomp et al., 2005b; Zaman et al., 2005;
Zolock et al., 2006; Plomp et al., 2007). To our knowledge, no study
has assessed the morphological changes that spores undergo
when treated with non-nutrient germinants, such as DDA, and
how different treatments affect the roughness of the spore
surface as it is being germinated.
In this study, AFM was used to quantify spore surface

roughness as a function of incubation time in nutrient and
non-nutrient germinants, and to measure changes in the heights

of the spores, during the process of germination with DDA and
L-alanine. Our results suggest that DDA kills B. atrophaeus spores
before outgrowth occurs. Therefore, DDA may serve as a
deactivation agent against a broad spectrum of normal and
mutant Bacillus spp., since complete germination is not required
in order for deactivation to occur.

MATERIALS AND METHODS

Bacterial strains and spore preparation

Bacillus atrophaeus, previously classified as Bacillus subtilis var.
niger, Bacillus niger, or Bacillus globigii (Fritze and Pukall, 2001), is a
Gram-positive, aerobic, spore-forming bacterium that has been
widely used as a nonpathogenic surrogate for B. anthracis and as
a biological indicator for decontamination and sterilization
processes and environmental biotracers (Burke et al., 2004; Plomp
et al., 2005b). B. atrophaeus NRRL B-4418 was purchased
(American Tissue Culture Collection, ATCC 6455). B. atrophaeus
cultures were grown on plates of sporulation media, consisting of
8 g nutrient broth, 4 g yeast extract, 0.001 g MnCl2.4H2O, 5 g
peptone and 15 g agar in 1 L of ultrapure water (Milli-Q water,
Millipore Corp., Bedford, MA) and maintained at a pH of 7.2.
Plates were incubated at 378C for 4 days. Spores were collected

by centrifugation at 5000 RPM for 20min and resuspended in
ultrapure water. The cells were washed eight times to separate
the spores from vegetative and partially sporulated cells and
stored at 48C. The spores were allowed to remain in water
overnight and then washed two more times to remove any
remaining vegetative cells or semi-sporulated cells.

Kinetics studies of spore killing by DDA

A solution of B. atrophaeus at 107 spores/mL was centrifuged and
resuspended in 1mM DDA (Sigma-Aldrich, St. Louis, MO). Spores
were incubated at 378C for 0, 1, 5, 10, 20, 25, 30, 40, 50 and 60min
and kept in an ultrasonication bath (Bronson, 1510, 40 kHz, 130W,
Branson Ultrasonics Corp., Danbury, CT) to prevent settling. The
action of DDA on the spores at the end of the incubation period
was terminated by immersion of spore suspension into an ice
bath.
To determine the effects of DDA on spore viability, the treated

spore solution was serially diluted and aliquots of spore solution
were inoculated onto sporulation agar plates and cultured in an
incubator at 378C. The number of surviving spores or colony
forming units (cfu) that became vegetative cells on the agar
plates was determined after 18 h.

Monitoring the germination of B. atrophaeus spores

Germination of B. atrophaeus was monitored by determining the
amount of DPA released from the core of the spore, using time
resolved fluorescence intensity measurements. A spore solution
of approximately 107 cfu/mL was incubated at 378C in the
presence of L-alanine or DDA at various concentrations, for 0, 2,
10, 20, 30, 40, 50, 60 and 100min. The spore solution was
combined with a stock solution of terbium chloride (TbCl3;
Sigma-Aldrich, St. Louis, MO) to yield a 1mM TbCl3. Terbium
chloride reacts with DPA and forms the chelate, terbium
dipicolinate, (Tb(DPA)3)

3�, which luminesces with UV excitation
(Rosen et al., 1997). After addition of TbCl3 in a microtiter 96-well
plate, 200 mL of spore solution were placed in each well and the

Figure 1. Schematic representation of B. atrophaeus spore structure.

Common dimension of the different layers of spore structure are: Spore

coat (60–100nm), spore cortex (50–100 nm), germ cell wall (2–10 nm),
inner membrane (3–4 nm) and spore core (0.7 to 1mm).
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mixed system was excited at 270 nm. Photoluminescence
excitation and emission spectra were measured from each
sample with a Gemini XPS microplate Spectrofluorometer
(Molecular Devices, now part of MDS Analytical Technologies
Inc., Toronto, Canada).

Imaging of B. atrophaeus spores with AFM

AFM was used to study the morphological changes of B.
atrophaeus spores after exposure to 1mM DDA for 0, 1, 5, 15, 20,
25, 30, 40, 50 and 60min, or after exposure to 25mM L-alanine for
120min. Droplets of treated B. atrophaeus spores (5 mL) were
deposited directly onto freshly cleaved mica and allowed to air
dry for imaging under ambient conditions.
Images were collected using an atomic force microscope

(Digital Instruments Dimension 3100 with Nanoscope IIIa
controller; Veeco Metrology; Santa Barbara, CA) that was
operated in intermittent contact mode to minimize lateral forces
on the sample during imaging. Rectangular cantilevers with
conical silicon tips having force constants of approximately 40N/
m and resonance frequencies of approximately 300 kHz were
used (Applied Nanostructures; Santa Clara, CA). Images were
captured with scan areas of 0.5, 1, 5, 10 and 20mm2. Images of
larger areas (10 and 20mm2) were acquired using hard tapping,
where the proportional and integral gains were 1.2–1.5 and
0.8–1.0, respectively, and low amplitude setpoints. Smaller
scanned areas (0.5, 1 and 5mm2) were probed using light
tapping, where the proportional and integral gains were
decreased to 0.5–0.8 and 0.2–0.4, respectively, and the amplitude
setpoint was moderately increased to avoid missing important
surface structures. All images were captured at a scan rate of 1 Hz
and with a resolution of 512� 512 points.

Off-line image analysis

AFM height and amplitude images were collected simul-
taneously. At least 10 images were obtained per time period
and condition. Height images were used for quantitative analysis
of the root-mean-squared roughness (Rrms), as well as height and
length profiles of the spores. Amplitude images were used to
obtain qualitative information. Height images were flattened
using a zero order filter to remove the Z offset between scan lines
before calculating Rrms values. The Rrms values were acquired on
areas ranging from 0.05 to 0.5mm2.
Between 10 and 20 spores were analyzed per image and the

calculated height and roughness values of the spores were
analyzed using SigmaStat 2.03 statistical software. Statistical
analysis was performed by one-way analysis of variance (ANOVA)
for repeated measurements. Tukey’s test was used for multiple
comparisons among treatment groups, while Dunnett and
Duncan’s test was used for comparisons between treatment
and control groups. A difference was considered significant if
p< 0.05.

RESULTS

Anti-sporal activity of DDA against B. atrophaeus

Exposure of B. atrophaeus to 1mM DDA resulted in a significant
decrease in surviving spores with increasing exposure time to the
anti-sporal agent (Figure 2). After 1min of treatment with DDA,
the number of cfu decreased from approximately 5� 107 cfu to

approximately 2� 106 cfu, corresponding to 90% of the spores
being killed. After 5min of exposure, 99% of the spores had been
killed and only 103 cfu remained after exposure to DDA for
60min.
Since germinated spores are more susceptible to anti-sporal

agents, the germination of B. atrophaeus spores was monitored in
terms of DPA release from the core. Exposure of B. atrophaeus to
different concentration of L-alanine caused DPA to be released
within 30min (Figure 3A). The maximum concentration of DPA
released from the core was obtained by exposing spores to a
concentration of 25mM L-alanine. Exposure of B. atrophaeus to
various concentration of DDA resulted in a slower DPA release
when compared to the effects of L-alanine. Total release of DPA
took 100min when bacteria were exposed to DDA (Figure 3B).
The effect of DDA concentration on germination is complex and
is affected by the self-assembly behaviour of DDA in solution (the
critical concentration for aggregation is between 0.5 and 1mM)
and also by the promotion of clustering of spores with increasing
DDA concentration.

B. atrophaeus size and surface morphology

The morphology of B. atrophaeus was characterized via AFM and
images showed rodlet structures typically observed for these
spores (Figure 4A). Drying of the B. atrophaeus on mica surfaces
resulted in some clumping. Even when the spore concentration
was decreased, spores always aggregated during the drying
process on mica, thus it was difficult to observe isolated spores.
Spore morphology changed after treatment with 1mM DDA for
15 or 30min (Figure 4B and 4C). Spores treated for 15min
appeared dehydrated and the images showed more creases or
folds on the spore surface (Figure 4B). The spores treated with
DDA for 30min did not show as much evidence of dehydration,

Figure 2. Kinetics of B. atrophaeus spore killing by DDA. Number of
spore cfu as a function of time of exposure to 1mM DDA. Error bars

represent the standard deviation. Original spore inoculum was at

1� 107 spores/mL.
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but we noticed that no rodlets were present on the surface,
compared to the control case.
Rrms values were measured for B. atrophaeus exposed to DDA

for several time points. Spores that were not treated with DDA
had an average Rrms value of 25.0� 2.3 nm when areas of
500 nm2 covering the surface of the spores were analyzed
(Figure 5A). After treating the spores for 1min with DDA,
the average Rrms value increased to 28.2� 4.1 nm. The average
roughness of the spores continued to increase with time,
reaching a local maximum Rrms corresponding to 1mM DDA

Figure 3. Germination of B. atrophaeus spores with various concen-
trations of (A) L-alanine or (B) DDA. The amount of DPA released from the

core was measured by terbium enhanced fluorescence lifetime measure-

ments. Original spore inoculum was at 1� 107 spores/mL.

Figure 4. Representative amplitude AFM images of B. atrophaeus after

exposure to 1mM DDA for (A) 0min, (B) 15min and (C) 30min. Images

collected in intermittent contact mode.
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treatment for 15min, which was 44.5� 2.9 nm. At 20min, Rrms

decreased to an average of 14.7� 3.6 nm, but began to increase
again after 25min, and continued increasing until 60min.
Statistical analysis showed that Rrms values from times 5, 15,
20, 25, 30 and 60min were significantly different when compared
to the control group (untreated spores; p< 0.001).
Roughness values were also obtained using smaller scan areas

of 50 nm2 on a 0.5mm2 image. Sampled at a different scale, the
roughness values decreased compared to the 5mm2 scanned
image (Figure 5B). The roughness measured at this scale showed
the same trend we observed for the larger scale, with roughness
increasing until 15min, then dropping and increasing again.
Statistical analysis showed that the Rrms values at times 15, 40, 50
and 60min were significantly different compared to the control
group (p< 0.001).
Morphology changes were observed for spores exposed to

L-alanine, as quantified by height measurements. Chemical
treatments affected spore morphology (Figure 6A and 6B) and
the height of spores decreased after treatment with DDA or
L-alanine. After exposure to L-alanine, the height of the spores
decreased from an average of 0.7� 0.1mm to 0.3� 0.2mm.

Treatment with DDA resulted in a similar decrease of spore
height, from an average of 0.7� 0.1mm to 0.26� 0.1mm. The
differences in height were significant against the control group
(p< 0.05). However, the roughness of the L-alanine treated
spores did not increase (data not shown), in contrast with the
spores exposed to DDA.

DISCUSSION

Previous studies have addressed the effects that nutrient and
non-nutrient germinants have on Bacillus and Clostridium cells
(Powell and Strange, 1953; Ando, 1980). Current theory suggests
that germination of spores must occur before killing, since the
peptidoglycan layer of vegetative cells is easier to penetrate than
the thick multilayered structure of the spore coat (Figure 1). There
are several studies that examined how nutrient and non-nutrient
germinants affect spores (Rode and Foster, 1961; Barlass et al.,
2002; Akoachere et al., 2007). While most studies focused on
germination of spores using nutrients, such as L-alanine and
inosine (Barlass et al., 2002; Zaman et al., 2005; Plomp et al., 2007),

Figure 5. Rrms of B. atrophaeus as a function of exposure time to 1mM
DDA, for scan areas of (A) 5mm2 and (B) 0.5mm2, Data are expressed as the

average Rrms with standard deviation. Inset AFM image represents how

roughness analysis was carried out: for scan areas of 5mm2, a 500 nm2

area box covering the surface of the spore was analyzed. For scan areas of
0.5mm2, the roughness within a 50 nm2 area box of the spore surface was

analyzed.

Figure 6. Representative amplitude AFM images of B. atrophaeus

before and after exposure to L-alanine or DDA for (A) dead spores after

1mM DDA treatment and (B) germinated spores after 25mM L-alanine

treatment. Images collected in intermittent contact mode.
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the use of non-nutrient germinants, such as DDA, have not been
well studied. The mechanism of action of nutrient germinants
such as L-alanine has been investigated and it is known that
nutrient germinants bind to receptors located in the spore’s inner
membrane, which causes the opening of ion/DPA channels
(Setlow, 2003). In this study, we exposed B. atrophaeus spores to
the nutrient germinant L-alanine and to the non-nutrient
germinant DDA. We propose the mechanism of action of DDA
against bacterial spores and discuss how it is different from
germination with L-alanine.

Germination mechanisms of B. atrophaeus after exposure
to L-alanine

L-alanine has been widely used to study changes in morphology
as well as biochemical alterations during germination (Rode and
Foster, 1961; Barlass et al., 2002). In B. cereus themajor receptor for
alanine germination was identified as GerL, from the GerA family
at the inner membrane (Barlass et al., 2002). Using L-alanine as the
germinant, we observed that there is a rapid release of DPA and
by 30min all DPA was released (Figure 3A).
Treatment with L-alanine caused a >50% decrease in the

height of the spores after 2 h of treatment, which is due in part to
DPA release from the core. Prior work showed that the rapid
release of DPA from the core due to L-alanine germination caused
an estimated 32% loss of dry weight in bacterial spores (Rode
and Foster, 1961). A flattening of B. subtilis spores and collapse
around spore center was observed after exposure to L-alanine for
1 h, according to a previous optical microscopy study (Leuschner
et al., 2003). Although these spores were considered to be
germinating, as observed qualitatively by the decrease in phase
brightness, no swelling of the spore could be detected.
Although DPA release supports that germination began in our

study with L-alanine, we did not observe outgrowth within the 2 h
period, as no vegetative bacteria were observed in the AFM
images. This may be because a longer time would be necessary to
transform the spore to the vegetative state, which could vary
within Bacillus spp. For instance, Zaman et al., found B. anthracis
became vegetative after treatment with L-alanine for 3 h (Zaman
et al., 2005) since the length of the spores increased from 0.8–0.9
to 3.4–3.8mm. However, another study showed that approxi-
mately 30% of a B. atrophaeus population did not proceed to
outgrowth after exposure to L-alanine for 3 to 7 h (Plomp et al.,
2007). The percentage of outgrowing cells was even lower in a
different study where vegetative cells were only observed in a
few cases, suggesting that L-alanine initiates the process of
germination and metabolic activity but not the synthesis of
macromolecules, such as cell wall peptidoglycan, for all the spore
population (Leuschner et al., 2003).
The roughness of L-alanine-treated spores was similar to the

roughness of untreated spores, suggesting that the effects of
L-alanine on the spore occur underneath the coat layer. This was
confirmed by the AFM images, showing similar morphology for
treated and control spores (Figures 4A and 6B). These findings
suggest that during the first stages of germination, the spore coat
remains intact and L-alanine causes internal restructuring of the
spore. Since there is no degradation of the coat, this layer is a
limiting barrier for outgrowing spores, which may explain why
vegetative cells were not observed and why outgrowth did not
occur consistently in previous studies. One recent study
suggested that the spore coat has to crack laterally on one or
both sides to allow the vegetative cell to expand (Leuschner et al.,

2003). L-alanine may start germination by changing the internal
structure of the spore and this effect may work its way to the
outside of the spore after all internal changes, such as DPA release
and hydrolysis of the cortex, have occurred.

Germination mechanisms of B. atrophaeus after exposure
to DDA

Although some studies have investigated the process of spore
germination using a non-nutrient germinant, such as DDA (Rode
and Foster, 1961; Setlow et al., 2003; Paredes-Sabja et al., 2008),
the efficacy of this cationic surfactant as a sporicide has not been
well studied. In the early 1960s, Rode and Foster reported that
exposing B. megaterium spores to 10�5M DDA for more than
three min resulted in loss of heat resistance for 97% of the spore
population and exposure to DDA for 10min caused the killing of
approximately 96% of the spores (Rode and Foster, 1961). In our
studies, we have observed that approximately 95% of killed
spores can be obtained under 1min and 99% after 5min if they
are exposed to 1mM DDA (Figure 2).
Even though spore killing occurs with exposure to 1mM DDA,

we studied the germination of spores by measuring the amount
of DPA released from the core as a function of time (Figure 3B).
Exposing spores to 1.25mM DDA resulted in complete DPA
release within 100min. In a previous study, researchers using
1mM DDA to germinate B. subtilis spores showed that it took
approximately 3 h for the DPA to be released from the core
(Setlow et al., 2003). This difference in DPA release rate may be
related to variability within the Bacillus spp., growth conditions, or
treatment. For instance, Setlow et al. boiled spore cultures for
30min to determine DPA release, while we did not (Setlow et al.,
2003).
The spore heights were significantly lower for DDA-treated

spores, compared to untreated spores. We suggest that these
height changes are due to decreased hydration of the core and a
breakdown of the spore coat. A previous study showed that
exposure of Bacillus spores to DDA results in a 45 to 55% loss of
dry weight, which could have contributed to the reduced height
of spores (Rode and Foster, 1961). In another study, it was
observed that spores germinated with DDA did not rehydrate
well and core water content in these spores was low, which
prevented them from expanding normally (Setlow et al., 2003).
From our roughness analysis we also observed that the outer coat
of the spore was affected by DDA treatments since there was an
initial increase in roughness values. This increase in roughness
indicates that the coat of the spore is rupturing and disintegrat-
ing. The inner and outer coat of spores can be up to 130 nm thick
(Henriques and Moran, 2000), which could lead to a diameter
decrease of 260 nm. When spore coat breakdown and loss of
hydration simultaneously occurred, we observed a decrease in
height and increase in roughness of the spores.
Based on our roughness, height and DPA release measure-

ments, we considered a mechanism of action of DDA against
bacterial spores. DDA does not interact with any receptors in the
inner membrane of spores, as reported previously (Setlow et al.,
2003). From our roughness measurements we can state that DDA
starts acting from the outside of the spore and works its way in by
causing the coat to rupture and form pores on the surface. The
drop in roughness observed after 15min of treatment with DDA
indicates that the outer coat layer was completely removed;
leaving behind another smoother coat that will be subsequently
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ruptured or disintegrated after prolonged treatment with DDA.
With prolonged DDA treatment, the protective coat layers of the
spore were compromised, decreasing the overall cell height.
While most of the cells were killed within 1min of exposure to
DDA, this happened during the first stages of germination since
there was a continuous release of DPA from the core. However,
germination was interrupted and spores were killed without
outgrowing. Using DDA as a germinant or sporicide may be a
more effective mechanism to deactivate B. atrophaeus and
perhaps other hazardous species such as B. anthracis, since DDA

can act against spores that have not progressed to the fully
vegetative state.
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