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FIG. 6. Negatively stained (2% uranyl acetate) intact plug showing a moire of interdigitated structure. The inset shows its optical
transform. Thin sections of intact plugs showed them to be made up of the same structural layers as was seen in intact (Fig. 1) and
spheroplasted (Fig. 9) cells. Bar = 100 nm.
FIG. 7. Negative stain of the three plates of a plug which are dissociating themselves from one another and the sheath after 0.1 M NaOH

treatment. Notice that two plates are particulate (small arrows) and that one is a netting of holes (large arrow). Bar = 100 nm.
FIG. 8. Negative stain of the preparation used to do structural analysis. The plates are highly enriched compared with the sheath and their

constituent hoops (arrows). Bar = 200 nm.
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FIG. 9 and 10. Thin sections showing the terminal ends of a sheath before 0.1 M NaOH treatment (Fig. 9; the three plates of a plug are

seen) and after treatment (Fig. 10), showing that the plates are removed. Bars = 100 nm.

stain and the cellular constituents occurred along the fila-
ment axis. As crystal violet, TPt, or ethanol (decolorizing
agent) penetrated along from the ends of the filaments, small
diffusible P-containing components were dissolved and
eventually leached out. This seemed to be a time-dependent
phenomenon that relied on diffusion, since stain buildup and
cellular leaching occurred in a progressive sequence from
filament end toward filament middle. Longer staining times
increased the progression of the stain. These observations
suggested that of the two enveloping structures (i.e., sheath
and plug), it was the plugs that were permeable to the Gram
reagents.

Structural analysis of plugs. Our structural analyses are in
broad agreement with those of Shaw et al. (17); the plugs
were circular and surprisingly uniform in size, having a
diameter of ca. 0.45 ,um, which approximated the diameter
of the cells in the sheath (Fig. 1). Negatively stained intact
plugs (Fig. 6) produced low-order reflections in optical
transforms and suggested a hexagonal arrangement of sub-
units. High-order data such as seen in the insert of Fig. 6
were difficult to obtain consistently. Since thin sections
revealed the existence of three separate plates or layers to
each plug (Fig. 1 and 4), the difficulty of obtaining high-order
reflections on transforms of intact plugs could be due to the
shifting of the layer elements with respect to one another to
form discordant moires of superimposed particles.
Treatment with 0.1 M NaOH not only removed the plugs

from the sheath but also caused the plate layers to separate
from one another (Fig. 7) until the plates were spread
throughout the suspension as discrete entities (Fig. 8).
Thin-section analysis of the preparation before (Fig. 9) and

after (Fig. 10) NaOH treatment confirmed that there was
complete removal of the three plates. Thin sections of the
plugs revealed each plate to possess a regular arrangement of
holes (Fig. 9). Careful examination of negatively stained
preparations during plug extrusion substantiated the exist-
ence of three layers per plug and revealed that two layers
were of similar subunit arrangement, whereas the remaining
layer possessed a different organization (Fig. 7); the latter
structure was always found in smaller numbers than the
former (Fig. 8).
These single layers could be negatively stained and imaged

at high resolution. The most abundant type possessed a
hexagonal arrangement of broadly circular 14-nm-diameter
particles possessing an angular or faceted infrastructure
around which the stain penetrated and pooled (Fig. 11). The
other type of layer was a netting of hexagonally arranged,
circular holes which were slightly smaller (13 nm) than the
particles on the most abundant layer (Fig. 12). Images of
both layers were amenable to optical diffraction and pro-
duced subtly different patterns to a limiting resolution of ca.
4.0 nm (insets of Fig. 11 and 12). It was possible that the act
of separating the layers from one another had subtly per-
turbed macromolecular arrangements enough to inhibit
higher resolution; the internal diffraction standard of the
sheath consistently revealed the 2.8-nm repeat. Computer
reconstructions of the images of each layer confirmed our
initial analyses; one layer was composed of a hexagonal
arrangement of circular 14.0-nm particles (Fig. 13). Each
particle had six thin arms extending from it along its sixfold
axes which separated the particles from one another, pro-
duced an intersubunit spacing of a = b = 18.0 nm, and gave
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FIG. 11. High-resolution micrograph of the particulate layer and its optical transform. Bar = 100 nm.
FIG. 12. High-resolution micrograph of the holey layer and its optical transform. Bar = 100 nm.
FIG. 13. Computer reconstruction of the particulate layer at high magnification. The subunit particles are white, and the thin arms

extending from each particle are gray. The holes are black. Center-to-center spacing = 18.0 nm.
FIG. 14. Computer reconstruction of the holey layer at high magnification. The subunit particles are delta-shaped units linked to one

another by delicate gray linkers at each tip. The holes are black. Center-to-center spacing = 18.0 nm.
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FIG. 15. Negative stain of a terminal plug at the end of a filament which shows the complex moird that the plates produce. The inset is
the optical transform and confirms the p6 alignment of elements. Bar = 100 nm.

FIG. 16. Pt-shadowed terminal plug at a filament end, showing the outermost plate of the plug to be particulate. Bar = 100 nm. In this and
other shadowed preparations, the large arrow denotes shadow direction.

the subunits their angular faceted infrastructure. This spac-
ing was almost identical to the spacing found by Shaw et al.
for intact plugs (i.e., 18.2 nm [17]). The other layer also
possessed p6 symmetry but was a network of holes 12.5 nm
in diameter (Fig. 14). The subunit elements of this holey
layer were trimeric in form and closely resembled those
described by Shaw et al. in their description of the plug's
subunit makeup (17). As in the particulate layer, a = b =
18.0 nm.

It was apparent that the holes between the particles in the
particulate layer were shaped differently from those in the
holey layer (cf. Fig. 13 and 14). Those of the holey layer
were roughly circular, whereas those of the particulate layer
were oblong (ca. 12.5 by 7.0 nm) and arranged along a sixfold
axis around each particle.

Orientation of the plates within a plug. There are a number
of possible ways in which the three plates of each plug could
be stacked. For correct natural orientation, the plug must be
positioned within the sheath. Negative stains of the ends of
filaments revealed the natural position of the end plug, but
the stain penetrated between and around the plates so as to
produce moires of superimposed elements (Fig. 15). Optical
diffraction of these images gave no more than two orders of
reflections but aptly demonstrated the p6 alignment of ele-
ments (inset, Fig. 15). These transforms also compared well
with low-order reflections in Fig. 6, 11, and 12, which
suggested that gross alteration of macromolecular detail
affecting pore size had not occurred during 0.1 M NaOH

treatment and plug extrusion. Thin sections showed that
each plug rested on a lightly stained amorphous matrix
which was positioned between the cell wall and the plug
(Fig. 1 and 9). The particulate and holey plates of the plug
could not easily be identified in these preparations, yet it
seemed possible that the amorphous matrix, on the inside
surface of each plug, could be used in other techniques to
help identify the plug faces.

Pt shadowing is a topographical method and revealed the
outermost plate of a terminal plug to be particulate (Fig. 16).
Filaments denuded of cells as explained in Materials and
Methods and broken by the shear forces generated by a
Potter-Elvehjem tissue homogenizer produced cell spacer
and terminal ends which could be identified by their reten-
tion of plugs. Pt shadows of this preparation revealed two
plug topographies: the particulate surface (Fig. 17) and a
smooth amorphous surface (partially obscuring the particu-
late surface) (Fig. 18). Intact plugs removed by 0.1 M NaOH
treatment confirmed these topographies (Fig. 19 and 20).
Since at no time was a holey layer seen in these shadowed
preparations, we believe the smooth surface on some plugs
to be the inner amorphous matrix seen in thin sections (Fig.
1). Accordingly, the plate orientation within plugs must be as
is seen in Fig. 21: two particulate layers sandwich the holey
layer.
Alignment of the plate holes within a plug. The identical p6

symmetries of each plate within a plug suggest that they are
aligned in register to one another (e.g., as in Fig. 21). Thin
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FIG. 17. Pt-shadowed terminal plug in a small sheared fragment of sheath, which confirms the outermost plate to be particulate. Bar =
100 nm.
FIG. 18. Pt-shadowed plug in a sheared sheath fragment showing the innermost surface, which is partially obscured by the amorphous

matrix seen in Fig. 1. The innermost layer is also particulate. Bar = 100 nm.
FIG. 19 and 20. Pt-shadowed, intact plugs isolated by the 0.1 M NaOH method showing both outer (Fig. 19) and inner (Fig. 20) plates to

be particulate. As in Fig. 18, the innermost surface in Fig. 20 is partially obscured by the amorphous matrix. Bar = 100 nm.
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FIG. 21. Drawing to show the arrangement of the plates within a
terminal plug and the plug's association with the other enveloping
structures. The alignment of the plates with respect to one another
is such that the particles obscure the holes of the middle netting
layer (i.e., the first case described in the text). It is also possible that
the particles could exist at half an interval removed from that which
is drawn (i.e., the second case). The drawing is not to scale. S,
Sheath; W, cell wall; PM, plasma membrane; AM, amorphous
material; P, particulate layers of the plug; 0, holey layer of the plug.

sections (e.g., Fig. 1A, 4, and 9) also suggested the plates to
be in register with one another. The difficulty was to ascer-
tain the exact alignment of this register. The two most logical
alignments from the available data would be (i) to have the
particles of the two particulate layers fitted adjacent to the
actual fabric of the holey layer such that they lie against the
nodes of the netting or (ii) to have the particles fitted into and
partially occupying the holes of the holey layer (as shown in
Fig. 21).
The first case, which aligns the holes in each plate, is the

most permeable situation and is in accordance with the
results of Shaw et al. (17). Yet at the time of the analyses of
Shaw et al., the plug was considered most probably to be
only a double layer of similar elements. They also did not
account for the possibility, during their preparation for
electron microscopy, that the three plates within the plugs
could have shifted. We also cannot be certain of this. For
this reason, we must consider the second case.

This case presumes some blockage of the holes and should
be the least permeable of the two situations. It was important
to determine the degree of blockage and relate it back to the
Gram stain results, since it was possible that the staining
reagents could be excluded by intact plugs.

Since the images of intact plugs (Fig. 6) produced only
low-resolution transforms and since the plates in these plugs
could be shifted, we resorted to computer manipulation of
the individual plates to stack them into the blockage format.
For simplicity, only one particulate layer was stacked to-
gether with one holey layer. We assume that the additional
particulate layer would be aligned to the other plates along
the same sixfold axes and that this alignment would produce
the same porosity as in the two-plate situation; i.e., the three
plates of an intact plug would have the same porosity as
shown in our computer-simulated two-plate model. Figure
22 shows the model; it is apparent that even when the
particles overlie the holes of the holey layer, there remains a
substantial pore for solutes to pass through. The pores are
similar in shape to those holes seen in the particulate layer
and are approximately 80% of their size (cf. Fig. 13 and 22).

Consequences of plug porosity for Gram staining and the
natural diffusion of solutes. The sheath of M. hungatei is a
very resilient and nonporous structure; it is difficult to
degrade (9), and it contains very small holes no more than

FIG. 22. Computer reconstruction of a two-plate composite
when the particulate and holey layers are aligned as in the second
case described in the text. The light regions are areas where the stain
is excluded; the black areas are the holes. Center-to-center spacing
= 18.0 nm.

2.0 nm in diameter (17, 20) which approximate the size of
cellular substrates (H2, CO2, and NH3) and end product
(CH4). The spacer and end plugs, on the other hand, consist
of three plates. Two are particulate and have 12.5- by 7.0-nm
holes permeating them, whereas the middle plate is a netting
of larger and roughly circular 12.5-nm holes. As individual
plates, each of these layers has a porosity greater than that of
the sheath. If they are stacked together as in the first case,
the holes of each plate are aligned and the two particulate
layers would be the restricting layers with 12.5- by 7.0-nm
pores. If they are stacked together as in the second case, the
particles of the particulate layers fit in and plug up the large
holes of the middle layer and the fabric of the middle layer
partially obscures the holes in the particulate layer; these
pores are reduced in size about 80% and become 12.0 by 6.0
nm. Either alignment ensures that the plugs are three to six
times more porous than the sheath.
As a soluble cation, crystal violet resembles a three-

bladed propeller about 1.88 nm in diameter and 0.65 nm thick
(10). TPt forms a smaller ellipsoid anion about 0.82 by 0.62
nm in dimension, whereas I- and 13-, which are used in the
traditional stain, are small spheres of 0.43 and 0.60 nm,
respectively (10). For the Gram stain, if crystal violet, TPt,
and V-/13 are freely diffusible, each could penetrate the end
plugs of a filament with no difficulty. Since crystal violet
approaches the maximum diameter of the sheath pore, it
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could be excluded. In addition, our evidence suggests that
the sheath pore is electronegatively charged as a result of
carboxylates (6). It is likely that crystal violet, being a
cation, would stick to the sheath surface plugging the pores
but would be easily removed by ethanol decolorization. This
view supports our Gram staining data, which show gram
positivity only at the filament ends. We therefore suggest
that the archaeobacterium M. hungatei has a unique and
characteristic staining response. It depends entirely on the
permeability of the end plugs, which are porous to the free
diffusion of the staining reagents. These diffuse from the
ends toward the filament middle and form crystal violet-
iodine or -TPt precipitates which stain the terminal cells
purple.

In concert, our data suggest that the plugs are more
permeable than the sheath in which they reside. Our concept
of diffusible solutes for M. hungatei is unique to the procary-
otic world; those with an Mr less than 50 (e.g., H2, C02, and
CH4) can pass freely through the sheath, whereas larger
solutes must enter through the plugs at the filament ends.
Capillary action and microstreaming should enhance the
diffusion of solutes along the filament length. In support of
this view, small nonionic detergents such as Triton X-100 (a
p-tert-octylphenlpolyoxyethane; Mr 633 [11]) can enter
only through the terminal ends, dissolving the cell mem-
branes as they diffuse along the filament (8).

This concept has important consequences for the metab-
olism and growth of the bacterium. Large endogenous mol-
ecules exported by cells within the sheath could diffuse only
along the filament length, which may make cell-cell interac-
tion easier, and presumably this could be how terminal
flagella are coordinated (18). All cells within the filament
should have easy access to small metabolites necessary for
cellular growth (CO2, H2, NH3, H2S, P04, etc.), and waste
products such as CH4 should be easily exchanged; the
sheath is permeable to them. Yet larger molecules necessary
in small quantities for growth, such as vitamins or cofactors,
would be required to enter through the end plugs and diffuse
along the filament. At the same time, larger organic toxins or
lytic enzymes would also require this mode of entry and
would therefore affect the terminal cells only until the proper
cellular defenses were established. Since flagella are located
only at the filament ends (18), one reaction to these chemical
stimuli may be to move the cell toward (e.g., vitamins) or
away from (e.g., toxins) the reagent. The permeability
phenomenon and a tumble-swim mode of locomotion could
be used to align cells to chemical gradients and may be a
primitive form of taxis.

It is apparent that M. hungatei with its unusual style of
enveloping its cells within a sheath and plugs had not only
shape and form in mind (1). Each enveloping structure has a
distinct porosity toward environmental solutes. These at-
tributes make this microorganism a life form that is highly
suited to its natural environment; even the strongest armor
must have some gaps within it so that certain substances can
get in or out. It is possible that other archaeobacteria with
complex surface structures may also have atypical Gram
reactions.
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