










FIG. 4. Growth of bacteria inside infection threads. (A) An infection thread populated with R. meliloti MB501/pTB93F. The tip of the thread is indicated by the
arrow. (B) The infection thread in panel A after 6 h of growth. The thread has lengthened, and the location of the tip is indicated by the arrow. (C) Confocal
reconstruction of a root hair containing a sectored infection thread. (D) Confocal reconstruction of two root hairs containing infection threads. Arrows indicate dark
sectors in the threads. (E) Confocal reconstruction of the infection threads shown in panel D after 24 h of growth. Arrows indicate the same dark sectors indicated
in the previous panel. The inset contains a reconstruction of the threads by using only some of the optical sections used to generate the larger image. By discarding
sections which contain images of the bacteria growing on top of the root hair, the rightmost dark sector can be more easily seen. (F) Confocal reconstruction of the
infection threads shown in panel D after 48 h of growth. (G) Confocal reconstruction of ramified infection threads inside the epidermal cell body of the rightmost
infected cell in panel F. (H) Schematic diagram showing the locations of structures present in panels D to F. Bars, 20 mm.
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sectoring pattern should reflect the pattern of fluorescent and
nonfluorescent bacteria present shortly after the initiation of
infection thread formation. Alternatively, the GFP expression
plasmid may have been lost from cells as they grew inside the
infection thread and thereby given rise to the dark sectors.
Such sectors should be small unless they were generated early
during the course of thread growth: a single bacterium which
lost the ability to express GFP would form a large, dark sector
only after many cell doublings. The dark and light sectors
present in the bottom half of the infection thread shown in Fig.
4C are relatively large and may be the result of clonal expan-
sion of sectors which were present early during infection. The
dark sectors at the top of the thread are smaller than those at
the bottom. This may be because they arose later during
growth of the thread and have not had much time to expand;
alternatively, it may be that the sectors were present early but
bacteria in the upper portion of the thread grew for only a
limited period.
Figure 4D shows branched infection threads inside two root

hairs 3 days after the plant was inoculated with R. meliloti
which expressed GFP-S65T. The same threads, 24 h later, are
shown in Fig. 4E. The rightmost thread entered the epidermal
cell body, ramified, and penetrated into an underlying cortical
cell. The total increase in the length of the thread was about
fourfold, indicating that the bacteria were growing with a dou-
bling time of approximately 12 h. This assumes that all of the
bacteria in the thread were growing and contributing to the
increase in thread length. The other thread in the figure in-
creased in length by about 50% over the same period. Both
threads contained small dark sectors, and interestingly, these
sectors, and the bright sectors behind them did not expand or
change position, even though the total length of the thread had
increased (Fig. 4D and E). This indicates that bacteria which
were not near the tip of the thread were static and did not
contribute to the growth of the thread. This implies that the
growth of the bacteria near the tip, which are actively dividing,
is faster than the 11- to 12-h doubling time estimated by simply
measuring the change in thread length over a given period.

DISCUSSION

GFP is a useful tool for monitoring gene expression and
protein localization (5, 21, 30), cytoskeletal structure and dy-
namics (19), bacterium-host interactions in models of mamma-
lian pathogenic interactions (8, 18), and viral infection and
virus movement in plant systems (3).
In this paper, we describe the construction of a broad-host-

range plasmid that constitutively expresses GFP or the S65T
variant of GFP. These plasmids are stable in the absence of
selection, and bacterial strains containing them are able to
colonize roots and form nodules on alfalfa.
Throughout the time when R. meliloti is growing on and

inside its host plant, individual bacteria are not easily discerned
by conventional light microscopy, and microscopic methods
which involve fixation or staining to better resolve the bacteria
necessarily destroy the investigator’s ability to monitor dy-
namic interactions between the two partners. The ability to
easily visualize individual bacterial cells by using GFP as a
marker makes it feasible to address some fundamental ques-
tions concerning the growth, distribution, and movement of R.
meliloti during the nodulation process.
Bacterial growth inside the infection thread is particularly

amenable to study by using GFP. The thread is transparent,
and individual GFP-expressing bacteria can be observed dur-
ing the process of growth inside the tubule. The growth of
bacteria inside this structure is intriguing, because it is a point

at which bacterial growth needs to come under the control of
the plant host. Bacterial growth normally remains constrained
such that the bacterial cells do not overrun the thread. Infec-
tion threads, both in root hairs and also inside the developing
nodule, typically contain two to four columns of bacteria across
the width of the structure. A mutant strain of R. meliloti in
which bacterial growth inside the infection thread is no longer
normal has been isolated (unpublished results). Plants inocu-
lated with this mutant form infection threads containing many
times the usual number of bacteria.
We have shown in this paper that infection threads lengthen

at rates which would imply very slow growth of R. meliloti if it
is assumed that all bacterial cells in the thread are growing.
However, observation of fluorescent and nonfluorescent bac-
terial sectors in developing infection threads indicated that
bacteria in older parts of the thread were not growing and
therefore were not contributing to the lengthening of the
thread. This means that the bacteria near the tip, which were
growing, were doing so at rate which was underestimated by
measuring the change in total thread length over a given time.
Therefore, the actual growth rate of bacteria near the tip of the
infection thread was probably faster than the 11 to 12 h per
generation inferred from the rate of increase in total thread
length. These observations raise the question of how bacteria
inside the infection thread can grow at different rates depend-
ing on their position along the length of the thread. The pos-
sibilities range from an active type of growth control in which
bacteria sense their position relative to the growing infection
thread tip and regulate their rate of increase accordingly to a
more passive type of control in which the plant limits the
capacity for bacterial increase by limiting nutrients to cells in
distant parts of the thread. As an example of the latter possi-
bility, it may be that nutrients are delivered only to the tip of
the thread, resulting in a gradient of nutrients which decreases
from the tip to the base of the structure.
One consequence of having only the bacteria in the tip

region of the thread divide and move along the thread as it
grows is that most of the bacteria which originally entered the
infection thread from the outside environment will grow down
the infection thread a short distance and then cease growing.
This means that if bacteria other than R. meliloti entered the
thread, they would not progress into the root proper unless
they happened to be located at the very tip of the thread. In
such a case, the plant may terminate thread growth. Termina-
tion of thread growth often occurs during R. meliloti infection
of alfalfa and is proposed to play a role in determining the
number of nodules a plant develops (28). It may also play a
role in preventing unwanted species from entering the plant
root through infection threads. The use of in vivo markers such
as GFP may permit the direct observation of bacterium-host
interactions, both of successful invading strains and of unsuc-
cessful strains or species, providing a means of studying how
the choice to terminate or allow infection thread growth is
made by the plant.
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