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Depolarization of Alfalfa Root Hair Membrane
Potential by Rhizobium meliloti Nod Factors

David W. Ehrhardt, E. Morrey Atkinson, Sharon R. Long*

Although much is known about the bacterial genetics of early nodulation, little is known
about the plant cell response. Alfalfa root hair cells were impaled with intracellular micro-
electrodes to measure a membrane potential depolarizing activity in Rhizobium meliloti
cell-free filtrates, a plant response dependent on the bacterial nodulation genes. The de-
polarization was desensitized by repeated exposure to factors and was not observed in a
representative nonlegume. A purified extracellular Nod factor, NodRm-IV(S), caused mem-
brane potential depolarization at nanomolar concentrations. This rapid single-cell assay
provides a tool for dissecting the mechanisms of host cell response in early nodulation.

The bacterium Rhizobium meliloti causes
changes in the growth and development of
cells in its host, alfalfa, that give rise to a
new organ, the root nodule. At least two
distinct cell types in the alfalfa root respond
to this bacterium: inner cortical cells and
epidermal root hair cells. In their response,
cortical cells de-differentiate, undergo a
series of mitotic divisions, and organize into
a meristem that forms a mature nodule; root
hair cells grow into curled forms before
their infection by bacteria. Both of these
cell types fail to undergo these responses,
however, if the infecting bacteria are mu-
tated in the common bacterial nodulation
genes nodABC (I), which suggests that
nodABC may be required for the production
of a signal or signals (2, 3) that cause the
early events of nodulation. A family of
molecules has been identified that causes
both root hair distortion (4, 5) and cortical
cell division (6-9) and that meets several
biochemical and genetic criteria for having
essential early nodulation signals (4-6, 9,
10). These Nod factors are oligomers of
N-acylated, N-acetylglucosamine (R. meli-
loti Nod factors are also sulfated) (4, 5, 9).
Although the initial interaction of host and
microsymbiont has been studied at the his-
tological and ultrastructural levels, little is
known of individual plant cell function at
this stage. We measured transmembrane
potential change in single infectible root
hair cells in response to Rhizobium Nod
factors. The host responded rapidly to Nod
factors with a depolarization of transmem-
brane potential.

We impaled untreated young root hair
cells of whole seedlings with glass micro-
electrodes and consistently measured large
transmembrane potentials in untreated root
hair cells (=134 = 11 mV) (I1). Prepara-
tions were stable up to 90 min. We rea-
soned that we were measuring potentials
across the plasma membrane, rather than
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across both the tonoplast and plasma mem-
branes for several reasons. For one, young
root hair cells are much richer in cytoplasm
than many plant cell types (12) and are
therefore less likely to be impaled through
the vacuole. In addition, large negative
potentials have been interpreted as cyto-
plasmic potentials (13). Furthermore, when
the electrode was advanced farther into the
cell, less negative potential was measured.
When the electrode was withdrawn to its
original position, a large negative potential
was again observed, consistent with obser-
vations that the vacuole potential is posi-
tive relative to that of the cytoplasm in
some plant cells (14).

Genetically tailored Rhizobium was used
as a control for the nodulation specificity of
membrane potential changes. After a large
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and stable membrane potential was mea-
sured for several minutes in a young root
hair cell, the butanol-extractable compo-
nents (15) of a 1021/pRmJT5 cell-free cul-
ture filtrate (Nod™ extract) were applied by
means of perfusion. This application caused
a slow and often large depolarization of the
membrane potential in most cells (Fig. 1A,
panels 2 to 4), with a delay of 30 to 60 s
between the time extracts first reached root
hair cells [estimated by comparison to de-
polarization onset times to a final concen-
tration of 30 mM KCl (9)] and the onset of
depolarization. Once initiated, depolariza-
tion was slow, taking a mean time of 540 s
(range = 330 to 980 s) to reach a maximum
response. As with root hair distortion, de-
polarization activity was absent in extracts
prepared from the Nod~ strain TJ1A3/
pRmJT5 (Nod~ extract) (Fig. 1A, panel
1). In three experiments, we applied a
Nod* extract several minutes after applica-
tion of the Nod ™~ extract; in all three cases,
addition of the Nod* extract was followed
by a large depolarization that was not
caused by the Nod ™ extract (Fig. 1A, panel
4). Depolarization responses varied among
cells. Mean magnitude was —20 mV, and
maximum response was —45 mV (Fig. 1B).
As a result of baseline variation over the
time scale of these recordings, changes in
potential of fewer than 10 mV could not be
reliably distinguished from the background.

Membrane potential depolarization in-
duced by Nod factors displayed a character-
istic often seen in animal cell signal trans-
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Nod~ extract followed
by Nod* extract (panel
4). Extracts were ap-

plied at a 1023 dilution
of the onginal culture 10
volume in ARB (26).
The regularly spaced

spikes are the result of a single electrode current injection to monitor
changes in the resistance of the recordings. No change in resistance was
observed that suggested the membrane was being broken down by
exposure to Nod factors. (B) Distribution of membrane potential changes
for all celis that maintained a stable potential for at least 7 min after
application of a Nod* extract. If the membrane potential depolarized,
only those measurements that reached a clear minimum value, followed
by a recovery in potential, were plotted (n = 22). (C) Distribution of
membrane potential changes as in (B) after application of a Nod~ extract
(n = 12). The histogram bins are labeled with the bin midpoints.
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Change in membrane potential caused by the first application of Nod* extract plotted against the
change in membrane potential caused by a second application. Data are presented for all
experiments in which a depolarizing first dose was followed by a recovery of membrane potential and
then a second dose of extract was followed by at least 6 min of uninterrupted measurement (n = 9).
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duction: root hair cells became desensitized
to depolarization with repeated doses of
factors. After observing depolarization, we
allowed the membrane potential to recover
to its initial value, which would occur
spontaneously over 25 to 30 min but was
hastened by removal of the Nod* extract
(9). When cells were exposed to a second
dose of Nod™ extract, tenfold larger than
the first, they no longer responded with
large depolarizations (Fig. 2). This experi-
ment was varied in several ways: factor was
presented by perfusion or spot inoculation;
varying doses of factor for first and second
treatment were tried; and both supernatants
and purified factors were presented to the
root hair. All trials showed the same lack of
response to factor by cells after an initial
dose (9). Cells impaled this long before a
first exposure to Nod™ extract still respond-
ed with large depolarizations, so this desen-
sitization is not a result of long impalement
times (9). As a result of the difficulty in
maintaining a stable cell impalement for
longer than 60 to 90 min, the refractory
time for desensitization was not measured.

Although depolarization activity of fil-
trate extracts was dependent on the nod
gene, the extracts were a complex mixture of
molecules. To discover whether depolariza-
tion was caused by the same extract compo-
nents that cause root hair distortion, we
applied both 10~ M and 10™° M pure
NodRm-IV(S) (4) to alfalfa roots by perfu-

sion. Only 1 cell in 15 responded to 10~ *' M
NodRm-IV(S) with significant (>9 mV)
depolarization, although 12 of 19 cells depo-
larized upon exposure to 107° M NodRm-
IV(S) (Fig. 3). This latter concentration is
in the range required for root hair branching
activity (4). The pattern of depolarization
magnitudes at this concentration (Fig. 3),
and the kinetic profiles of the response, were
similar to those obtained with the raw fil-
trate extract. We have found molecules
similar in structure to NodRm-IV(S) in this
filtrate extract that cause both root hair
distortion and cortical cell division (9).

Membrane potential  depolarization
could be caused by a number of mechanisms
that may not function in early nodulation.
An important criterion for specificity of any
host response to bacteria or bacterial factors
is host selectivity, as only particular bacte-
ria can nodulate particular hosts. One of
the broadest limitations is the confinement
of Rhizobium nodulation to members of the
legume family (16). If the response we
measured was specifically relevant to nodu-
lation, it should not occur in a plant that
does not nodulate. Such a plant, however,
should still be responsive to common plant
growth regulators and transported solutes.
We therefore chose tomato, a well-charac-
terized plant with accessible root hairs, as a
representative nonhost control. We applied
Nod factors prepared by high-performance
liquid chromatography (HPLC) fraction-
ation of Nod™* extracts (17) to young alfalfa
and tomato root hairs. Because we had
limited quantities of fractionated factors,
we used a spot application technique to
conserve material (18). Alfalfa root hairs
showed a pattern of depolarization respons-
es similar to that seen under perfusion,
whereas the tomato root hairs failed to
exhibit significant changes in membrane
potential in all 17 cells measured (Fig. 4).
Because the depolarization activity in Nod*
extracts did not extend to a representative
nonhost, it is therefore not likely to be a
result of a mechanism that is shared by all
plant species.

Other characteristics of the depolariza-
tion response also support its specificity to
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Fig. 4. Membrane potential response of (A)
tomato (n = 19) and (B) alfaifa (n = 11) root hair
cells (17) to HPLC-fractionated nodulation fac-
tors (718). Extract fractions (x2 culture concen-
tration) were applied to the space immediately
surrounding the hair cell by means of a micropi-
pette.

nodulation. Because root hair cells exhibit
sensitivity in nanomolar concentrations to
purified NodRm-IV(S), it is unlikely that
this depolarization could be a result of
simple cotransport mechanisms, as hypoth-
esized for depolarization with solutes such as
sucrose. For example, it takes 10 wM su-
crose to cause measurable depolarization in
soybean cotyledon cells (19). The desensi-
tization to Nod factors exhibited by root
hair cells is also inconsistent with depolar-
ization patterns described for cotransported
solutes (19). These two features also argue
against the possibility that the depolariza-
tion is caused by nonspecific disruption of
the membrane structure, an initial concern
because of the amphipathic nature of
NodRm-IV(S).

The ionic redistributions we have ob-
served, which result in membrane potential
depolarization, may .merely accompany a
cellular signaling event or may play a mech-
anistic role in nodulation. One possible role
for an ionic redistribution might be alter-
ation of cell-wall growth in root hair cells.
Changes in pH and extracellular Ca?*, for
example, alter cell wall extensibility (20).
Another possibility is that ion changes may
occur as part of secondary signaling mech-
anisms. lonic fluxes mediate or accompany
many plant cell responses to hormonal and
environmental signals (21). In root hair
cells, a secondary signal may couple Nod
factor perception to cell growth mecha-
nisms or to other functions needed for the
root hair cell to interact productively with
Rhizobium. It is also possible that a second-
ary signal is needed to communicate with
the inner cortical cells.

Depolarization of plant cell membrane
potential is also a response to bacterial
pathogens (22) and to oligosaccharide elic-
itors prepared by enzymatic digestion of
fungal cell walls (23); these oligosaccha-
rides may serve as plant defense signals

999




B r g

LB

(24). Given that Rhizobium-plant interac-
tions may be modified pathogen-host rela-
tionships (25), it is interesting to note that
NodRm-IV(S) is essentially a modified
chitin tetramer. The optical and mechani-
cal accessibility of root hairs, together with
the possible use of bacterial genetics to
modify signal molecules, will provide new
opportunities to study the mechanism of
action of these oligosaccharide signals.
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Paleotemperatures in the Southwestern United
States Derived from Noble Gases in Ground Water

M. Stute, P. Schlosser, J. F. Clark, W. S. Broecker

A paleotemperature record based on measurements of atmospheric noble gases dissolved
in ground water of the Carrizo aquifer (Texas) shows that the annual mean temperature
in the southwestern United States during the last glacial maximum was about 5°C lower
than the present-day value. In combination with evidence for fluctuations in mountain snow
lines, this cooling indicates that the glacial lapse rate was approximately the same as it is
today. In contrast, measurements on deep-sea sediments indicate that surface temper-
atures in the ocean basins adjacent to our study area decreased by only about 2°C. This
difference between continental and oceanic records poses questions concerning our
current understanding of paleoclimate and climate-controlling processes.

Paleoclimate records for the oceans and
the continents during the last glacial max-
imum are inconsistent. The observation
that the 0°C isotherm on mountains from
almost all geographic settings and latitudes
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in both the Northern Hemisphere and the
Southern Hemisphere dropped by about
950 m during the peak of the last glacial
suggests that the temperature was lowered
by 4.2° to 6.5°C at elevations between 3
and 5 km (I). On the other hand, paleo-
climatic information derived from oxygen
isotope measurements (on foraminifera)
and faunal abundances indicate that most
of the low-latitude ocean surface cooled by
less than 2°C. No process has yet been
identified that could cause marked high-






