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Freeze-etching of' Rhizobium meliloti provided considerable insight into the
ultrastructure of this bacterium and into the changes accompanying the
transformation from the free-living rod forms to the nitrogen-fixing bacteroid
forms. In the small rods, one cleavage plane was revealed at the level of the cell
wall and a second at the level of the plasma membrane. Very little structure was
evident at the cell wall level, but distinctly different convex and concave fracture
faces were exposed at the cell membrane cleavage plane. During the transforma-
tion into the bacteroidal state the wall decreased in thickness, became less rigid,
and developed a particulate surface. In addition, changes in particle density were
observed in the plasma membrane. The fine structure of the plant membranes,
the infection threads, and the arrangement of the bacteroids within the plant
cells also were revealed.

The ultrastructure of legume root nodules has
been studied by several workers, and considera-
ble insight has been gained into the nature of'
the ef'fective nitrogen -fixing symbiosis between
the root nodule bacteria and the host plant (3, 5,
7, 10, 12, 13). The free-living forms of the
bacteria enter the plant roots through the root
hairs and migrate in an infection thread to-
wards the cortical cells. These infection threads
enter the cortical cells releasing the bacteria. At
this stage the small rod forms of'the bacteria are
transformed into the enlarged and distorted
bacteroids and become, in effect, nitrogen-fix-
ing organelles of the plant cells. The changes
undergone by the bacteria during this transfor-
mation remain somewhat unclear. At the time
of entry into the plant cells or shortly there-
after, the bacteria become surrounded by a
plant-produced enclosing membrane; the ori-
gin of this membrane has been the subject of
considerable controversy. We have employed
the freeze-etch technique in an attempt to
elucidate some of these phenomena.

MATERIALS AND METHODS
Culture and growth conditions. The organism

used was Rhizobium meliloti strain R21, an organism
which forms an effective nitrogen-fixing symbiosis
with alfalfa. Cells were grown to mid-log phase in a
medium containing 0.5 g of K2HPO4, 0.2 g of

MgSO4 * 7H20, 0.1 g of NaCl, and 3 g of Difco yeast
extract per liter of distilled water.

Growth of plants. Seeds of alfalfa (Medicago
sativa), variety Iroquois, were surface-sterilized and
planted in sterile sand containing a nitrogen-free
nutrient solution. The seedlings were inoculated with
R. meliloti R21 10 days after planting. The root
nodules were picked 2 weeks after inoculation.

Electron microscopy. For freeze-etching or
freeze-fracturing, the bacterial cells and root nodules
were placed in 30% dimethylsulfoxide (DMSO) or
30% glycerol overnight at room temperature. The
samples were frozen in Freon-22, placed in liquid
nitrogen, and fractured at -100 C at 2 x 10 6 torr
with a Balzer BA360 freeze-etch unit. The replicas
were prepared by the method of Vail and Riley (17).

RESULTS

Figure 1 shows a longitudinal section of an
infection thread as seen in the freeze fracture.
It is difficult to see the structure of the bacteria
in infection threads in thin section because
they are surrounded by slimy material which
results in poor fixation. However, this problem
is eliminated by using the freeze-fracture tech-
nique, and the invading bacteria seem to be
very similar to the small rods grown in culture
(see Fig. 4). Inclusion bodies, which are gen-
erally assumed to be polyhydroxybutyric acid
(5, 10), could be seen in the cells.

387



MACKENZIE, VAIL, AND JORDAN

:~~~~4Z~~~~~' ;~~r
Iw' )- ,I; t1

FIG. 1. Freeze-fracture replica' of an infection thread. Arrows show polyhydroxybutyric acid granules. Arrow
in lower right indicates direction of shadow. Bar represents 1 gm in Fig. 1 through 3.

At low magnifications, freeze-etch replicas
show the arrangement of the bacteroids in the
plant cells in excellent three-dimensional detail
(Fig. 2). DMSO was found to give better results
when low-magnification views were desired.
However, glycerol was found to provide a better
suspending medium for examining the ultra-
structure of the various membranes at higher
magnifications. At higher magnifications the
detail of the complex membrane systems be-
comes more evident. Figure 3 shows fracture
planes at the levels of the bacteroid cell wall
and the enclosing membrane surrounding the
bacteroids.
When the small rod forms from fluid culture

are examined, the situation is less complicated
and quite different (Fig. 4). Two distinct frac-
ture faces are exposed in the plasma membrane.
If the membrane splits, as is generally assumed
(4, 16), the convex fracture face represents the
outer surface of the inner half of the membrane
and the concave face represents the inner
surface of the outer half of the membrane. The
convex surface is very particulate, whereas the
particles are sparse on the concave surface. One
of the cells in this figure is cross-fractured. It is
interesting to note that these cells are congre-
gating around some unidentified bodies thereby
forming a rosette, an arrangement commonly
seen by light microscopy. The bacteroid plasma

membrane (Fig. 5) is distinctly different from
that of the small rods. The particles are smaller
and do not completely cover the convex frac-
ture face; nonparticulate areas are often seen.
The cell walls of the small rods and bacteroi-

dal forms also showed differences. The surface
revealed by fracturing the small rods is rather
rough but nonparticulate (Fig. 6). The bacteroid
wall, on the other hand, is sparsely covered with
particles (Fig. 3, 9). There is the possibility
that this is contamination originating from ma-
terial in the space between the wall and the
enclosing membrane, but this seems unlikely
since the particle density is quite consistent.
There is also an obvious difference in cell wall
thickness between the two forms. In the small
rods the thickness of the wall is almost double
that of the plasma membrane (Fig. 7), but these
two structures are of approximately the same
thickness in the bacterioids (Fig. 8). In Fig. 7
particles can be seen lined up in the plasma
membrane, whereas the wall appears rather
structureless. The bacteroid walls appear to
be much less rigid than those of the small rods.
In Fig. 5 pieces of wall are seen to be torn away
from the membrane; this is contrast to the
small rods in which the rigid cell wall almost
invariably cleaves completely away from the
membrane (Fig. 4).
The surface revealed by the fracture at the
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FIG. 2. Freeze-etch replica (DMSO) showing the arrangement of the bacteroids in the plant cells. IS,
intracellular space containing small rod forms of the bacteria.

FIG. 3. Freeze-fracture replica of several bacteroids.

level of the enclosing membrane was very
characteristic; it was a surface with particles
rather sparsely and irregularly distributed (Fig.

3, 9). In Fig. 9 the membrane appears to have
split, and both the surface and membrane
interior are exposed. The bacteroid wall with its
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FIG. 4. Freeze-fracture replica of small rod forms. PM, convex fracture face of plasma membrane; PM,
concave fracture face of plasma membrane. Bar represents 0.1 jum in Fig. 5 through 12.

L 4sr w f

1, i. (1,7..9
I.

--t ,'A'!" .1k -O..
I ". .

r .V.
tk tk 'K, '. "",

la
.e.,.Z--r "

_ *

ifv.,,Cnd'.Off -IN "';
..,C,11 . . V

,I -

4t ..%., --. V,, , .- ,..

r

i.
b

.,'
Ii
t



FREE-LIVING AND NITROGEN-FIXING R. MELILOTI

.>

i .t ,

,
*': t ^

, ,-

* F_ s x * s x
a,:xSi,i' i'+-,k,;wS
A gA'.'S; F/" t ..

Vk s -L C.O.~~~~~~~

oi;S

:%j ~ '.*, A-.9v ..

FIG. 5. Bacteroid plasma membrane with pieces of wall attached.
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FIG. 6. Cell wall cleavage plane ofsma

characteristic fracture face is also re
plant-produced enclosing membra
different from what is believed to bE

_____,r membrane of the plant cell (Fig. 10). This
membrane is believed to be the plant plasma
membrane because the large sheets of this
membrane observed practically eliminated any
other possibility. The particles on the latter are
larger and more uniform in size; the particle
density is also less.

DISCUSSION
The freeze-fracture studies on the small rods

agree closely with what has been reported for
other gram-negative bacteria (2, 6, 9, 18). There
appear to be only two major fracture planes-
one through the membrane and a second at the
level of the cell wall. Some workers have
suggested that there are several fracture planes
in the cell wall, but the evidence is weak (14,
15). The organism used here appears to be
rather different from other gram-negative bac-
teria studied in that the cell wall has a tendency
to cleave completely away from the membrane.
The exposure of two distinct fracture faces in

7* the plasma membrane also was very obvious
here.

ill rod form. Whereas in thin section the bacteroid plasma
membrane, cell wall, and enclosing membrane

?vealed. The appear practically identical and indistinguisha-
Lne is quite ble from most other biological membranes, the
ethe plasma freeze-etch technique has enabled us to show

391VOL. 113, 1973

t



392 MAcKENZIE, VAIL, AND JORDAN J. BACTERIOL.

W lk~~~~~~~~~~~

/ ¾ ~~~'~~'I-'

m ~ ~ ~ ~

'.A

.~A

vA,

ir.-ij-~~ ~ ~ ~ ~ ~ ~ -~ '

48~ ~ ~ ~ 4

10

FIG. 7. Cross-fractured small rod showing thickness of plasma membrane and cell wall.
FIG. 8. Cross-fractured bacteroid showing thickness of plasma membrane and cell wall.
FIG. 9. Enclosing membrane and bacteroid cell wall. Arrow shows splitting of enclosing membrane.
FIG. 10. Plant plasma membrane.
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distinct differences in the structure of these
membranes and to trace the ultrastructural
changes that occur in the wall and membrane
during the transformation into the bacteroidal
forms.
The observations made with regard to

changes in wall structure are consistent with
previous observations in which an inhibition of
wall synthesis was found to occur (11). This
inhibition would logically lead to a thinner and
less rigid wall, as appears to be the case.

It appears that major changes occur in the
protein composition of the plasma membrane
during the conversion of the rod forms of this
bacterium into the nitrogen-fixing forms. This
presumably reflects a change in function and
indicates that this membrane may play an im-
portant role in the fixation process. Studies on

the cytochrome composition of the two forms
of R. japonicum also have suggested that a

change in membrane composition and function
occurs during the conversion of small rods to
bacteroids, with cytochrome a being found in
the rods but absent in the bacteroids (1, 8).
The structure of the enclosing membrane

gives some clue as to its origin. Two major
hypotheses have been proposed for the forma-
tion of this enclosing membrane. One suggests
that it is formed from the plant plasma mem-
brane as the bacteria enter the cortical cells (3,
7, 10). The second hypothesizes that the mem-
brane is formed de novo shortly after the
bacteria enter the plant cells (5, 12). Though not
confirming either of these hypotheses, the ob-
servation made here concerning the differences
in structure between the plant plasma mem-

brane and the enclosing membrane tends to
refute the first of these two suggestions, at least
for R. meliloti.
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