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In the Rhizobium-legume symbiosis, compatible bacteria and host plants interact through an exchange of signals: Host
compounds promote the expression of bacterial biosynthetic nod (nodulation) genes leading to the production of a
lipochito-oligosaccharide signal, the Nod factor (NF). The particular array of nod genes carried by a given species of
Rhizobium determines the NF structure synthesized and defines the range of legume hosts by which the bacterium is
recognized. Purified NF can induce early host responses even in the absence of live Rhizobium One of the earliest known
host responses to NF is an oscillatory behavior of cytoplasmic calcium, or calcium spiking, in root hair cells, initially
observed in Medicago spp. and subsequently characterized in four other genera (D.W. Ehrhardt, R. Wais, S.R. Long [1996]
Cell 85: 673-681; S.A. Walker, V. Viprey, J.A. Downie [2000] Proc Natl Acad Sci USA 97: 13413-13418; D.W. Ehrhardt, J.A.
Downie, J. Harris, R.J. Wais, and S.R. Long, unpublished data). We sought to determine whether live Rhizobium trigger a
rapid calcium spiking response and whether this response is NF dependent. We show that, in the Sinorhizobium meliloti-
Medicago truncatula interaction, bacteria elicit a calcium spiking response that is indistinguishable from the response to
purified NF. We determine that calcium spiking is a nod gene-dependent host response. Studies of calcium spiking in M.
truncatula and alfalfa (Medicago sativa) also uncovered the possibility of differences in early NF signal transduction. We
further demonstrate the sufficiency of the nod genes for inducing calcium spiking by using Escherichia coli BL21 (DE3)

engineered to express 11 S. meliloti nod genes.

The Rhizobium-legume interaction initiates the de-
velopment of a novel organ on the root of the host
plant, the nodule, and its colonization by the bacteria,
resulting in a nitrogen-fixing symbiosis. Within the
first 12 to 24 h, bacteria trigger a series of microscop-
ically visible morphological changes. In the epider-
mis, altered growth of root hair cells (root hair de-
formation) is followed by root hair curling. Bacteria
concurrently induce renewed cortical cell division
that will lead to the formation of a root nodule.
Invasion structures, called infection threads, initiate
within curled root hairs and grow into the develop-
ing nodule. Bacteria are eventually released from
infection threads into the cells of the nodule, where
they begin fixing nitrogen. Thus, in a compatible
interaction, Rhizobium elicits root hair deformation
and curling, infection thread development, and cell
division in the root cortex leading to nodule forma-
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tion. These morphological responses are considered
to be the hallmarks of nodulation.

Nodulation occurs only when compatible species
of legumes and Rhizobium come into contact. Thus,
Sinorhizobium meliloti interacts with Medicago spp. but
not Vicia spp., which in turn form nodules in the
presence of Rhizobium leguminosarum bv viciae. The
specificity of the interaction is based on a reciprocal
exchange of signals between symbiotic partners. The
host plant secretes compounds, often flavonoids, that
act in concert with bacterial transcriptional regula-
tors to promote the expression of bacterial nod (nod-
ulation) genes. These genes, in turn, encode biosyn-
thetic enzymes responsible for the assembly of a
lipo-chitooligosaccharide signal, called Nod factor
(NF), that triggers morphogenetic changes in the re-
ceptive host. NF is required for nodulation: Bacteria
that fail to synthesize NF because of mutations in nod
genes fail to elicit the morphological responses asso-
ciated with nodulation.

NFs isolated from loss-of-function bacterial nod
mutants correspond to the predicted structure based
on known nod gene function (Roche et al., 1991; De-
mont et al., 1993; Ardourel et al., 1994; Debellé et al.,
1996). The nod genes are divided into two categories,
common and host specific. The common nod genes,
nodABC, are required for the synthesis of the
N-acetylglucosamine backbone and attachment of the
lipid moiety at the nonreducing end of NF (Fig. 1).
These genes are required for host responses and
can be exchanged between Rhizobium without affect-
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Figure 1. S. meliloti NF structure and Nod protein function. Each Nod protein is encoded by an equivalently named nod
gene. NodA, NodB, and NodC are common to all rhizobia. The remaining Nod proteins are responsible for the modifications

of NF that confer activity on selected legume species.

ing the range of legumes nodulated (Dénarié et
al., 1996). Host range of a given Rhizobium is deter-
mined by its array of host-specific nod genes, and the
exact structure of the resultant NF. Host-specific nod
genes contribute to the further modification of the
reducing and nonreducing ends of the NF lipo-
chitooligosaccharidic backbone. S. meliloti carries six
host-specific nod genes with distinct functions in NF
modification: nodF, nodE, nodL, nodP, nodQ, and
nodH. The NFs produced by wild-type S. meliloti,
which nodulates Medicago spp., have a C16:2 lipid
tail, whose synthesis requires NodF and NodE, at the
nonreducing end as well as a 6-O-acetyl modifica-
tion, attached by NodL (Demont et al., 1993; Ar-
dourel et al., 1995). There is a single modification at
the reducing end of S. meliloti NF, a 6-O-sulfate that
requires the activity of NodH, NodP, and NodQ
(Roche et al., 1991).

The ability of S. meliloti NFs to induce the morpho-
logical responses associated with nodulation in its
hosts alfalfa (Medicago sativa) and Medicago truncatula
is dependent on the presence of all the substituents of
the NF (Dénarié et al., 1996; Catoira et al., 2000, 2001).
Whereas loss of common nod genes leaves S. meliloti
unable to induce any nodulation response, loss of
host-specific nod genes alters the host range of the
bacteria (Dénarié et al., 1996). Thus, a nodH S. meliloti
mutant no longer nodulates alfalfa, but gains activity
on vetch (Vicia sativa), a legume outside of S. meliloti’s
normal host range (Faucher et al., 1989). This is the
most dramatic example of a host range effect: nodH
mutants produce NFs that differ from wild type only
in that they are not sulfated at the reducing end and
yet fail to trigger any morphological response in
alfalfa, similar to bacterial mutants that cannot syn-
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thesize NF (Roche et al., 1991). Mutations in nodL,
nodF, and nodE that affect the O-acetyl or the
N-linked fatty acid modification at the nonreducing
end lead to delayed and reduced nodulation in Medi-
cago hosts, but still provoke all the morphological
responses associated with nodulation (Debellé et al.,
1986; Swanson et al., 1987; Ardourel et al.,, 1994).
However, when these mutations are combined in a
single strain, the nodulation defect is much more
severe: A nodFnodL double mutant fails to elicit nod-
ule development, cortical cell division, and infection
thread formation, although the bacteria still induce
root hair deformation in M. truncatula and M. sativa
(Ardourel et al., 1994).

In purified form, NF is sufficient to trigger early
morphological responses, such as root hair deforma-
tion, root hair branching, and cortical cell division,
but not further responses, such as “shepherd’s crook”
root hair curling and infection thread formation.
These microscopically visible responses are presum-
ably the downstream result of changes in cell activity
and gene expression initiated in the host root upon
NF perception. The availability of pure and structur-
ally characterized NF led to a search for events trig-
gered within minutes of signal application that might
be involved in signal transduction. Studies with S.
meliloti NF have shown that a series of physiological
changes are induced in root hairs within minutes
(Ehrhardt et al., 1992; Felle et al., 1996, 1998, 1999),
including rapid cytoplasmic alkalinization and fluxes
in calcium, chloride, and potassium in alfalfa root
hairs. The most widely examined NF-induced re-
sponse occurs within an average of 10 min: Cytoplas-
mic oscillations of calcium, or calcium spiking, have
been documented in root hairs of alfalfa, M. trunca-
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tula, vetch, pea (Pisum sativum), Melilotus albus, and
Lotus japonicus (Ehrhardt et al., 1996; Wais et al., 2000;
Walker et al., 2000; E. Engstrom, D.W. Ehrhardt, ].M.
Harris, R.J. Wais, and S.R. Long, unpublished data).
This response is robust and sensitive, occurring in
more than 80% of root hairs examined in Medicago
hosts in response to as little as 1 pm NF (Ehrhardt et
al., 1996; Wais et al., 2000; Oldroyd et al., 2001a).
The suite of ion fluxes and behaviors triggered by
purified NFs in root hairs precedes by hours, or days,
the known morphological responses. It is hypothe-
sized that these very early events are part of the
initial signal perception and transduction pathway in
nodulation, based on the ability of NFs to induce
them and on their timing relative to other host re-
sponses. Further criteria for a response associated
with nodulation are whether it is activated by live
bacteria and whether or not it shows the same NF
structural specificity as the later morphological re-
sponses. In the following study, we have addressed
these questions for the calcium spiking response. We
show that live Rhizobium elicit a robust calcium
spiking response indistinguishable from the NF-
induced response. The use of living S. meliloti bacte-
ria made it possible to examine the dependence of the
response on bacterial nod genes and compare the nod
gene requirements for calcium spiking with those for

A. Rm1021

Structure-Function Analysis of Calcium Spiking in Medicago Hosts

the later morphological responses associated with
nodulation. In so doing, we found that the require-
ments for calcium spiking are not as stringent as
those for complete nodulation; rather, they are cor-
related with early epidermal responses such as root
hair deformation.

RESULTS

S. meliloti Wild-Type Strain Rm1021 Causes Calcium
Spiking in M. truncatula Root Hairs

Ion fluxes are triggered in host root hairs within
minutes of exposure to NFs purified from compatible
Rhizobium (Downie and Walker, 1999). The ability of
live bacteria to provoke similar behaviors has not
been established. We tested whether live Rhizobium
can trigger calcium spiking by applying S. meliloti
Rm1021 to M. truncatula root hairs injected with the
calcium-sensitive dye Oregon Green-dextran. Dye
fluorescence, a relative measure of cytoplasmic cal-
cium concentration, was monitored in root hairs ex-
posed to bacteria and compared with fluorescence
patterns seen in root hairs exposed to purified NF
(Fig. 2A). Live bacteria trigger a calcium spiking
response that is indistinguishable from the NF-
induced response (Fig. 2). Rhizobium-induced cal-
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Figure 2. Rm1021 causes calcium spiking in M. truncatula. A, Rm1021-induced calcium spiking in M. truncatula. B,
NF-induced calcium spiking in M. truncatula. A and B show representative traces of calcium spiking. Top trace is the
fluorescence intensity corrected for background fluctuations. Bottom trace in each case shows the change in fluorescence

intensity from one time point to the next [X, ;. ;) —

X,l. Bacteria were prepared as described in “Materials and Methods.”

One nanomolar NF or 10® Rm1021 bacteria were added at vertical line. Fl. Int, Fluorescence intensity.
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Table I. Comparison of M. truncatula calcium response induced by NF versus live S. meliloti cells
No. of Cells Spiking/Total

Treatment No. of Cells (No. Cells Spiking Lag® Period”
of Plants)
% min s
Nod factor (1 nm) 36/48 (14) 83.3 11.1 34 100 = 30
Rm1021 Cells (10% cells) 44/52 (11) 86.8 11553 110 = 30

? The lag was calculated by finding the first peak in the data for each root hair after application of NF
or live cells and measuring the time interval. b The period of spiking was calculated for each root
hair by measuring the time interval between neighboring peaks. Stretches of data where no spiking was
observed for more than 3 min were not included in the calculation.

cium spiking could be maintained for at least 4 h
once initiated, similar to experiments with purified
NFs (data not shown; Ehrhardt et al., 1996). Quanti-
tative comparison of NF- and Rm1021-induced cal-
cium spiking revealed no significant difference be-
tween treatments in three parameters evaluated:
percentage of root hairs in which calcium spiking is
induced, lag time to the onset of calcium spiking, and
calcium spiking frequency (Table I). Thus, within the
limits of the assay, Rm1021 triggers the same calcium
spiking behavior as purified S. meliloti NFs.

S. meliloti Common n0dABC Genes Are Required to
Trigger Calcium Spiking

The ability of live Rhizobium to trigger calcium
spiking allowed us to use bacterial mutants to exam-
ine which nod genes are required to activate this
response. We first tested the requirement for com-
mon nod genes, nodABC, which are necessary to elicit
all known plant nodulation responses (Debellé et al.,
1986; Swanson et al., 1987). The nod ABC mutant SL.44
and the nodA mutant GMI3253 should produce no
NF and NFs that lack a lipid tail, respectively (Fisher
et al., 1988; Debellé et al., 1996). Both strains failed to
trigger calcium spiking in M. truncatula root hairs
(Table 1I, Fig. 3). These root hairs were then chal-
lenged with NF purified from Rm1021 to demon-
strate that the cells were capable of initiating calcium
spiking. The deletion in SL44 spans nodD1, a tran-
scriptional regulator of nod gene expression. We
found that a nodD1 mutant retained the ability to

trigger calcium spiking (data not shown), indicating
that the behavior of SL44 is because of the absence of
the biosynthetic nodABC genes. Thus, calcium spik-
ing shows the same dependence on common nod
genes as the known nodulation responses. The re-
quirement for common nod genes indicates that there
is no nod gene-independent signal in Rhizobium that
can induce, or interfere with, calcium spiking.

nod Genes Are Sufficient to Confer upon Escherichia
coli the Ability to Trigger Calcium Spiking in
M. truncatula

The ability to synthesize NF, as defined by the
requirement for common nod genes, is necessary for
S. meliloti to trigger calcium spiking in M. truncatula.
Therefore, we examined whether the ability to make
NF was sufficient to allow non-rhizobial bacteria to
elicit calcium spiking. To test this, S. meliloti common
and host-specific nod genes were introduced into E.
coli, a species that does not normally interact symbi-
otically with legumes. The common nodABC and/or
the host-specific nodPQ1, nodH, and nodFEG genes
were introduced into E. coli strain BL21 (DE3). We
postulated that T7 RNA polymerase in this strain
might permit expression from Rhizobium promoters,
based on the observation that Rhizobium RNA poly-
merase recognizes T7 promoters (see “Materials and
Methods”). We tested the ability of each of the E. coli
strains to induce root hair deformation, a known
nodulation response, and calcium spiking. We found
that E. coli carrying both common and host-specific

Table 1. Calcium oscillation response induced by S. meliloti nod mutants

No. of Cells Spiking/Total
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Strain Relevant Genotype Cells (No. of Plants) Inferred NF*
Rm1021 Wild-type S. meliloti 44/52 (11) NodRmlV (Ac, C16:2, S)
SL44 nodD1ABC™ 0/12 (4) None®
GMI3253 nodA~ 0/14 (3) NodRmlV (Ac, S)
JAS108 nodF~ 15/17 (4) NodRmlV (Ac, C18:1, S)
RIW13 nodL™ 12/12 (4) NodRmlV (C16:2, S)
RIW14 nodF~ nodlL™ 17/25 (6) NodRmlIV (C18:1, S)
JT210 nodH™ 0/13 (4) NodRmlV (Ac, C16:2)°

@ NF structures are either inferred or shown as determined biochemically for mutant strains in
Rm1021 or Rm2011 backgrounds. b Inferred NF structures.
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Figure 3. Calcium spiking response to common
nod mutants. A, nodABC strain SL44. B, nodA
strain GMI3253. Representative traces of the
change in fluorescence in root hairs responding
to bacterial mutants lacking common nod
genes. Bacteria were added at the vertical line
(time = 0 min). Purified NF was added back to
verify that the root hair was capable of initiating
calcium spiking.
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nod genes induces abundant root hair deformation
and calcium spiking (Fig. 4, A and B). In contrast,
strains carrying only the common nod genes, the
host-specific nod genes, or lacking all nod genes failed
to elicit root hair deformation or calcium spiking
(Fig. 4, A and C-E). These results demonstrate that,
in addition to being necessary in S. meliloti, 11 NF
biosynthetic genes are sufficient to enable an incom-
patible bacterium to trigger calcium spiking, as well
as root hair deformation. Furthermore, these data
suggest that no dedicated secretion or transport sys-
tem is required for delivery of S. meliloti NF to the
plant to elicit these early host responses.

Host-Specific nod Genes Influence the Induction of
Calcium Spiking

The host-specific nod genes nodFE, nodL, nodPQ,
and nodH function in the modification of NF. When
these genes are mutated, the ability of Rhizobium to
form nodules on host plants is delayed and often
impaired. We tested the effect of mutations in each of
these nod genes on the ability of bacteria to trigger
calcium spiking. We first examined the requirement
for the NodF, NodE, and NodL functions that modify
the nonreducing end of NF. NodF and NodE are
required for the synthesis of the multiply unsatur-
ated fatty acid, whereas NodL is required for the
attachment of an O-acetyl group at the nonreducing
end (Fig. 1). We found that, individually, nodF, nodE,
and nodL genes are not required for the ability of S.
meliloti to trigger calcium spiking. JAS108, a
nodF:'Tn5 mutant, induced calcium spiking in 15 of
17 cells on four plants (Fig. 5A; Table II). Similar

Plant Physiol. Vol. 129, 2002

results were obtained with a nodE mutant (data not
shown). RJW13, carrying a nodL:Tn5, elicited cal-
cium spiking in all of the 12 cells tested on four plants
(Fig. 5B; Table II). We also found that RJW14, carry-
ing a double nodFnodL mutation, induced calcium
spiking in 17 of 25 cells on six plants (Fig. 5C; Table
II). These results indicate that absence of the multiply
unsaturated fatty acid modification or the O-acetyl
modification or both modifications does not abolish
the activity of S. meliloti NFs with respect to calcium
spiking in M. truncatula. nodFnodL mutants trigger
early morphological responses in M. truncatula (Ar-
dourel et al., 1994; Catoira et al., 2001). Thus, in this
host, calcium spiking appears to have the same struc-
tural specificity as root hair deformation, root hair
curling, and cortical cell activation.

We then examined whether modification of the
reducing end of NF, dependent on nodH and nodPQ
genes, is necessary for the ability of bacteria to
trigger calcium spiking. In the absence of NodH,
NodP, and NodQ, S. meliloti NF lacks the O-linked
sulfate modification on the reducing end (Fig. 1). A
nodH::Tn5 strain, JT210, was tested and failed to
induce calcium spiking in 13 root hairs on four
separate M. truncatula plants (Fig. 5D; Table II).
Similar results were seen in tests of a nodPQ~ de-
rivative of Rm1021, which lacks both nodPQ1 and
nodPQ2 (data not shown). In all of these experi-
ments, subsequent application of either purified NF
or live Rm1021 cells induced normal calcium spik-
ing in the target root hairs, showing they were
capable of response and that the inactive bacterial
cells did not inhibit the host calcium response.
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Figure 4. E. coli carrying 11 nod genes can trigger calcium spiking in M. truncatula. A, Root hair deformation response to
DKR61 (carrying common and host-specific nod genes), DKR64 (carrying host-specific nod genes), DKR63 (carrying
common nod genes), and BL21 (DE3). Black arrowhead marks a branched root hair. B, Calcium spiking response of three
representative root hairs to DKR61 [BL21 (DE3) pRmE2 pRmJT5]. C, Calcium spiking response to DKR63 [BL21 (DE3)
pRmE2]. D, Calcium spiking response to DKR64 [BL21 (DE3) pRmJT5]. E, Calcium spiking response to E. coli BL21 (DE3).
Root hair deformation (A) and calcium spiking phenotypes (B-E) elicited by E. coli BL21 (DE3) strains carrying common
and/or host-specific nod genes. Root hair deformation assays were scored 48 h after inoculation with bacteria, as described
in “Materials and Methods.” In B through E, E. coli cells were added at time = 0 min, marked by the solid vertical line, and

NF and/or Rm1021 cells were added subsequently as a positive control.

R. leguminosarum bv viciae and S. meliloti Strains That
Produce High Levels of Unsulfated NFs Can Trigger
Calcium Spiking in M. truncatula

Loss of NF sulfation because of mutation in nodH
or nodPQ leads to an inability of bacteria to trigger
host responses. This phenotype is attributed to the
lack of activity of unsulfated NFs produced by such
mutants. However, it has been noted that signifi-
cantly less NF is recovered from nodH mutants than
wild-type cells (Roche et al., 1991), raising the possi-
bility that JT210, and other nodH mutants of S. me-
liloti, fail to trigger calcium spiking because of an
inability to efficiently produce or deliver NF. To ad-
dress this possibility, we tested an S. meliloti nodH
derivative engineered to overexpress nod genes. It
has been shown that unsulfated NFs can be recov-
ered from culture supernatants of nodH strains car-
rying extra copies of nodD, encoding transcriptional
activators of the biosynthetic nod genes (Roche et al.,
1991). RJW25, a nodH::Tn5 strain carrying a plasmid
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containing nodD3 under the control of the strong
constitutively active trp promoter, was tested for its
ability to induce calcium spiking in M. truncatula. We
found that this strain induces calcium spiking: 19 of
22 cells on five plants showed a response.

In the canonical model for host specificity, based
on S. meliloti-alfalfa interactions, the sulfate substitu-
tion on the reducing end is absolutely required for
the NF’s activity (Roche et al., 1991). The ability of
RJW25 to elicit calcium spiking in M. truncatula could
indicate a difference in the structural specificity of
the calcium spiking response from known nodulation
responses. Alternatively, M. truncatula and alfalfa may
respond differently to nodH bacteria. To address this
issue, we tested whether RJW25 cells trigger calcium
spiking in alfalfa root hairs. None of the 15 cells tested
on four alfalfa plants initiated calcium spiking in re-
sponse to this strain. These results indicate that the NF
structural requirements for the calcium spiking re-
sponse are consistent with those for host morpholog-
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Figure 5. Calcium spiking response to host-specific nod mutants. A, nodF strain JAS108. B, nodL strain RIW13. C, nodFL
strain RIW14. D, nodH strain JT210. Representative traces of the change in fluorescence in root hairs responding to bacterial
mutants lacking common nod genes. Bacteria were added at time = 0 min. Purified NF was added back to verify that the

root hair was capable of initiating calcium spiking.

ical responses in alfalfa, and that M. truncatula and
alfalfa differ in their requirement for nodH.

To confirm this result, we tested a second strain
that produces unsulfated NFs, R. leguminosarum bv
vicine wild-type strain A34. This species produces
NFs that differ from wild-type S. meliloti NFs in that
they lack the sulfate modification at the reducing end
and are modified by a longer multiply unsaturated
fatty acid (C18:4) at the nonreducing end. R. legu-
minosarum bv viciae nodulates Vicia spp. but not
Medicago spp. (Faucher et al., 1989). Furthermore, NF
purified from R. leguminosarum bv viciae elicits cal-
cium spiking in vetch root hairs but not alfalfa root
hairs (Ehrhardt et al., 1996). We tested whether R.
leguminosarum bv vicine A34 triggers calcium spiking
in the root hairs of its host, vetch, and found that nine
of 14 cells in three plants tested showed calcium
spiking (Fig. 6A). Thus, the ability to trigger calcium
spiking in host root hairs is not limited to S. meliloti.
The response elicited by R. leguminosarum bv viciae
bacteria was not obviously different from that in-
duced by the purified R. leguminosarum bv viciae NFs
(data not shown; D.W. Ehrhardt, J.A. Downie, and
S.R. Long, unpublished data). We tested the calcium
response of M. truncatula and alfalfa to R. legumino-
sarum bv viciae A34. As seen with RJW25, R. legumino-
sarum bv viciae triggered a response in M. truncatula
plants (24 of 32 cells on four plants; Fig. 6B) but not
alfalfa (0 of 21 on three plants; Fig. 6C). The results
with R. lequminosarum bv viciae cells reflect the same
difference in specificity between alfalfa and M. trun-
catula that was observed with RJW25 and are consis-
tent with previous work demonstrating that R. legu-

Plant Physiol. Vol. 129, 2002

minosarum bv wvicige fails to induce nodulation
responses in alfalfa.

Calcium Spiking in Alfalfa Shows the Same Host
Specificity as Known Nodulation Responses

Faucher et al. (1989) demonstrated that transfer of
S. meliloti host-specific nod genes into R. leguminosa-
rum bv vicige allows this strain to induce root hair
deformation and cortical cell division in alfalfa,
whereas wild-type R. lequminosarum bv viciae elicits
no nodulation response in alfalfa. Knowing that
wild-type R. lequminosarum bv viciae does not trigger
calcium spiking in alfalfa root hairs, we tested
whether the transfer of S. meliloti host-specific nod
genes nodH, nodPQ1, and nodFEG into R. lequminosa-
rum bv vicine A34 would allow this species to induce
calcium spiking in alfalfa. RJW1, R. leguminosarum bv
viciae carrying S. meliloti host-specific nod genes, elic-
ited calcium spiking in alfalfa root hairs (22 of 22 cells
on five plants, Fig. 7A). This response is nodH depen-
dent: RJW18, which differs from RJW1 only in that it
lacks nodH, failed to trigger calcium spiking in alfalfa
(0 of 10 cells on two plants). Both RJW1 and RJW18
retain the ability to elicit calcium spiking in vetch
(data not shown), indicating that the presence of S.
meliloti nod genes does not suppress R. leguminosarum
bv viciae activity on its host plant. Thus, the same S.
meliloti host-specific nod genes that confer the ability
to elicit root hair deformation and cortical cell divi-
sion enable R. leguminosarum bv viciae to induce cal-
cium spiking in alfalfa.
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Figure 6. R. leguminosarum bv viciae triggers calcium spiking in
vetch and M. truncatula but not alfalfa. Representative traces of
calcium response elicited by R. leguminosarum bv viciae strain A34
in vetch (A), M. truncatula (B), and alfalfa (C). Bacteria were added at
time = 0 min in all cases. For alfalfa, where A34 cells failed to induce
a response, purified NF was added back to verify the root hair’s
ability to initiate calcium spiking.

Purified Unsulfated NF Triggers Calcium Spiking in
M. truncatula and Alfalfa at the Same Concentration

Experiments with RJW25 and A34 introduce addi-
tional variables, such as overexpression or the pres-
ence of an incompatible bacterium, that might affect
the observed plant response. It has been shown that
purified unsulfated NF isolated from nodH™ S. me-
liloti, or nodH NF, can elicit calcium spiking in M.
truncatula if presented at high dose (Oldroyd et al.,
2001b). At 1 nwMm, the standard concentration at which
wild-type NF is used, the nodH NF does not trigger
calcium spiking, but when the dose is raised to 100
nuM, this altered NF elicits a response comparable
with that elicited by wild-type NF. We examined the
ability of purified unsulfated S. meliloti NF to trigger
calcium spiking in alfalfa to determine whether M.
truncatula and alfalfa are differentially sensitive to
this NF. We tested the ability of nodH NF to trigger
calcium spiking in alfalfa at 1, 10, and 100 nm doses.
Similar to observations in M. truncatula, unsulfated
NF elicits calcium spiking at 100 nm in alfalfa but not
at 1 or 10 nm (Fig. 8). Thus, although alfalfa and M.
truncatula differ in their response to bacteria produc-
ing unsulfated NFs, the plants show no difference in
sensitivity to purified unsulfated S. meliloti NF.

DISCUSSION

NF elicits a series of rapid responses in host root
hairs, ranging from ion fluxes to cytoskeletal rear-
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rangements and including cytoplasmic calcium spik-
ing (for review, see Downie and Walker, 1999; Car-
denas et al., 2000). Calcium spiking is the first of
these responses to be studied using live bacteria. We
have demonstrated that calcium spiking is a feature
of the interaction between at least three different
bacterium host pairs, suggesting that it is common
among legume species and likely involved in nodu-
lation. In the S. meliloti-M. truncatula interaction, an
analysis of calcium spiking with respect to several
parameters showed that wild-type bacteria and pu-
rified NF trigger the same response. In addition, S.
meliloti and R. leguminosarum bv viciae elicit a calcium
spiking response in their respective hosts as rapidly
as purified NFs. Thus, the context in which wild-type
NF is delivered, whether in purified form or by live
bacteria, does not seem to affect NF perception as it
relates to calcium spiking.

The nod Genes Are Necessary and Sufficient to Trigger
Calcium Spiking

NF and the common nod genes required for syn-
thesis are tightly correlated with the ability of Rhi-
zobium to induce nodulation responses in host roots.
We observed the same correlation for the calcium
spiking response: Absence of the activities necessary
for the assembly of the lipochito-oligosaccharide
backbone abolishes the ability of bacteria to elicit the
calcium behavior. Experiments using E. coli strains
engineered to express S. meliloti nod genes further
support the idea that the calcium spiking response is
triggered by NF and that the genetic requirements for
the ability to elicit this root hair response are the
same as the requirements for root hair deformation, a
known nodulation response. Tests of S. meliloti nod
mutants and E. coli strains carrying nod genes estab-
lish that the genes are both necessary and sufficient
for the ability to elicit calcium spiking. The nod gene
dependence strongly suggests that NF is the critical
signal needed to trigger calcium spiking, just as it is
the principal signal in nodule development. Thus,
calcium spiking is likely to be associated with initial
events in the symbiosis, such as NF perception or
signaling.

Calcium Spiking Is Only Partially Structurally
Selective, Similar to Other Early Host Responses

Using S. meliloti nod mutants, we were able to
examine the structural specificity of calcium spiking
in a context that allowed comparison to known nod-
ulation responses provoked by these same strains.
We found that the calcium spiking response in M.
truncatula does not show the same stringent require-
ment for S. meliloti host-specific nod genes as does full
nodulation. Mutations leading to structural changes
in the N-linked fatty acid and/or loss of the acetyl
moiety at the nonreducing end of the NF did not
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Figure 7. S. meliloti host-specific nod genes confer upon R. leguminosarum bv viciae the ability to trigger calcium spiking
in alfalfa. Representative traces of change in fluorescence in alfalfa root hairs exposed to: A, RIW1 (A34 pRmJT5); or B,
RIW18 (A34 pRmS210). In B, the ability of the root hair to initiate calcium spiking is demonstrated after exposure to

wild-type S. meliloti NF.

abolish the ability of bacteria to trigger calcium spik-
ing. These results are consistent with the findings of
a recent study of M. truncatula calcium spiking in
which it was shown that NFs purified from S. meliloti
nodF, nodL or nodFnodL mutants were effective over
similar concentration ranges as NFs derived from
wild-type S. meliloti (Oldroyd et al., 2001b). Muta-
tions in S. meliloti nodF and nodL genes disrupt the
ability to elicit nodule development and infection
thread formation but do not affect the ability to trig-
ger calcium spiking. These results with a bacterial
mutant that separates early root hair responses from
cortical responses and infection events allowed us to
correlate the calcium spiking response with the very
earliest responses in nodulation. Similarly, in studies
of the calcium spiking response in nodulation mu-
tants of M. truncatula and pea, the calcium behavior is
associated with early events such as root hair defor-
mation (Wais et al., 2000; Walker et al., 2000). Thus,
the ability to trigger a calcium spiking response is not
sufficient to lead to full nodulation.

1nM 10 nM 100 nM

The hallmark of a true nodulation response is its
selective activation by bacteria producing particular
NF structures. Structural specificity is a significant
component of host range determination. This is ex-
emplified by the strict requirement for NF sulfation
in the S. meliloti-alfalfa symbiosis (Faucher et al.,
1988, 1989). Transfer of S. meliloti host-specific nod
genes into R. leguminosarum bv viciae allowed this
normally incompatible species to elicit early nodula-
tion responses in alfalfa. We were able to demon-
strate the same nod gene dependence for the calcium
spiking response in alfalfa: Transfer of host-specific
S. meliloti nod genes into R. leguminosarum bv viciae
conferred the ability to trigger calcium spiking in
alfalfa root hairs and, similar to the host responses
observed by Faucher et al. (1989), this ability was
dependent on the presence of the S. meliloti nodH
gene. Thus, in alfalfa, calcium spiking shows the
same sensitivity to bacterial host range as has been
observed for early known nodulation responses.

Figure 8. Calcium spiking response of alfalfa to
nodH-derived NF. Representative trace of alfalfa
root hair response to increasing doses of unsul-
fated S. meliloti NF.
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The Sensitivity of Calcium Spiking Led to the
Detection of Differences in the Behavior of nodH
S. meliloti Mutants

Experiments with nodH mutants uncovered a be-
havior that suggests that, in S. meliloti, the sulfate
modification may affect some aspect of NF produc-
tion or export. Our finding that a nodH mutant engi-
neered to overexpress nod genes triggers calcium
spiking in M. truncatula is consistent with prior re-
ports that unsulfated NFs are recovered in lower
than expected quantities based on NF yield from
wild-type bacteria (Roche et al., 1991). The decrease
in NF production does not appear to be because of
reduced nod gene expression in nodH mutants (Fau-
cher et al., 1988). We also found that nodH ™ strains
failed to elicit calcium spiking in vetch, which re-
sponds to unsulfated NFs purified from nodH S. me-
liloti or wild-type R. leguminosarum bv viciae strains at
doses as low as 1 pm (data not shown; D.W.
Ehrhardt, J.A. Downie, and S.R. Long, unpublished
data). Taken together, these results indicate that
some aspect of NF synthesis, stability, secretion, or
delivery is altered in the S. meliloti nodH mutants.

Specialized secretion systems for NF delivery have
been proposed (Downie, 1998), that could account for
the ability of live bacteria to elicit host responses not
seen with purified NF. Several candidate secretory
proteins have been identified in Rhizobium. Muta-
tion of genes such as nodl] in R. leguminosarum spe-
cies can cause delayed nodulation (Downie, 1998).
Similar mutations in S. meliloti, however, have no
effect on nodulation kinetics (Jacobs et al., 1985). S.
meliloti wild-type NF may have chemical properties
that allow it to be exported without specialized
mechanisms: 11 nod genes, all with roles in NF syn-
thesis, were sufficient to allow E. coli to trigger root
hair deformation and calcium spiking, indicating that
there was no required specialized delivery system for
the signal. Thus, it is possible that different species of
Rhizobium have developed mechanisms of secretion
or delivery optimized for the chemical properties of
their specific NF. It has been noted that in R. legu-
minosarum bv viciae, NFs modified by NodX, contain-
ing an acetyl substitution at the reducing end, parti-
tion to a membrane fraction in biochemical tests and
are more difficult to purify than the unmodified NFs
(Firmin et al., 1993). More hydrophobic molecules,
such as NFs that have unmodified reducing ends,
may be recognized by and depend on specialized
secretion mechanisms for transport outside the bac-
terium. This could explain the observed behavior of
S. meliloti that normally produces a sulfated NF and
may not need to rely on a specialized secretion mech-
anism. When nodH is mutated, the bacteria produce a
more hydrophobic unsulfated NF that may not exit
the cells efficiently. Whether bacteria rely on special-
ized systems to deliver the correct NF to the host
plant, or on the lack of a secretion system to prevent
incomplete NFs from reaching a host plant, both
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strategies may ensure that only the correct structure
is presented to the host plant. This could be particu-
larly important to prevent incomplete NFs from trig-
gering partial, nonproductive responses in host
legumes.

The Quantitative Nature of Calcium Spiking Allows for
a Comparison of the Responsiveness of Closely
Related Hosts

Studies of the structural specificity of nodulation
responses in Medicago-S. meliloti have historically fo-
cused on alfalfa (Debellé et al., 1986; Swanson et al.,
1987; Faucher et al., 1988, 1989; Ardourel et al., 1994).
M. truncatula, a close relative of alfalfa, recently has
been developed as a more tractable model organism
for genetic analysis of nodulation (Cook, 1999). These
species have the same overall nodulation phenotype
in response to bacterial nod mutants; in particular,
nodFnodL and nodH mutants of S. meliloti fail to in-
duce nodules on both plants (Ardourel et al., 1994).
However, there is a growing body of evidence indi-
cating that, upon closer study, the two species differ
in their degree of responsiveness to bacterial mu-
tants. For instance, nodFnodL S. meliloti induces root
hair curling in M. truncatula but not in alfalfa (Ar-
dourel et al., 1994; Catoira et al., 2001). It has also
been noted that, at very low frequency, nodH S. me-
liloti can even induce nodule initiation in M. trunca-
tula plants (J.M. Harris, D.H. Keating, and S.R. Long,
unpublished data). Our comparison of calcium spik-
ing in M. truncatula and alfalfa treated with R. legu-
minosarum bv viciae or nodH S. meliloti shows that
there is a quantifiable difference in the responsive-
ness of these two legume species to bacteria produc-
ing unsulfated NFs. Thus, even if two species exhibit
the same overall nodulation phenotype, they may not
exhibit the same phenotype for every response asso-
ciated with nodulation. These differences in specific-
ity may relate to underlying differences in signal
reception or initial transduction events and may
prove useful in future studies of candidate host-
signaling proteins.

Studies with Live Bacteria Can Reveal Behavior Not
Seen with Purified NF

In attempting to determine whether the observed
difference in calcium spiking response between al-
falfa and M. truncatula treated with nodH S. meliloti
lay in their respective sensitivities to unsulfated NF,
we uncovered an apparent contradiction. Whereas
M. truncatula responds to nodH S. meliloti and alfalfa
does not, NF purified from these bacteria triggers
calcium spiking at 100 nm in both hosts (Oldroyd et
al.,, 2001b). Thus, it would appear that these two
hosts, which show different responses to nodH S.
meliloti, are nonetheless comparably sensitive to the
NF derived from this strain. One possible explana-
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tion for these data is that M. truncatula and alfalfa
differ by less than an order of magnitude in their
sensitivity to unsulfated NF. A finer scale study of
the dose response of both hosts to unsulfated NF
might reveal a threshold concentration at which cal-
cium spiking is activated in M. truncatula but not in
alfalfa. If this is the case, then the current assay
conditions are such that the nodH S. meliloti inoculum
exposes the plants to the precise threshold concen-
tration of unsulfated NF necessary to produce a re-
sponse in one host but not the other. If the differing
behavior of M. truncatula and alfalfa is not caused by
a difference in structural specificity, then there re-
mains the possibility that the context in which the
plant perceives NF affects its response. Differential
responses to bacteria versus purified NFs are well
documented, and have even been noted in the ability
of nodH S. meliloti but not nodH NFs to trigger cortical
cell activation in Medicago hosts (Vernoud et al,
1999); however, our observation is unusual in that
purified nodH NF elicits a response that is not trig-
gered by live bacteria. To our knowledge, this is the
first indication that the way in which NF is delivered
can alter the calcium spiking response. There could
also be a secondary component in alfalfa that mod-
ulates the host response to NF, but such a component
would only be significant in interactions involving
mutant S. meliloti. As evidenced by this study, tests
with live bacteria introduce additional variables into
the characterization of host responses. However,
without such studies, it is not possible to fully un-
derstand the role of early host responses in the con-
text of nodulation, a process that requires the pres-
ence of both symbiotic partners.

MATERIALS AND METHODS
Plant Growth and Preparation

Seeds of Medicago truncatula cv Jemalong (Purkiss Seeds,
Armidale, Australia) were surface-sterilized in 70% (v/v)
ethanol for 45 min followed by incubation in 5.25% (v/v)
sodium hypochlorite for 45 min. Alfalfa (Medicago sativa
GT13R) seeds (ABI, Nampa, ID) were treated with 70%
(v/v) ethanol for 10 min, followed by 30 min in 5.25%
(w/v) sodium hypochlorite. Vetch (Vicia sativa nigra) seeds
were scarified in concentrated sulfuric acid for 15 min, then
surface sterilized in 5.25% (w/v) sodium hypochlorite for
10 min. All seeds were imbibed overnight at room temper-
ature and then stored up to 7 d under water at 4°C until
use. M. truncatula and alfalfa seeds were germinated in-
verted in plastic petri dishes in the dark and then trans-
ferred to plates containing buffered nodulation medium
(BNM; Ehrhardt et al., 1992) with 1.2% (w/v) purified agar
(Sigma, St. Louis). Vetch seeds were germinated in plates
containing 1% (w/v) agar in water to help the seeds adhere
to the plate. M. truncatula seedlings were grown on BNM
containing 0.1 uM L-a-(2-aminoethoxyvinyl)Gly (Sigma).
For cellular calcium assays, 2-d-old seedlings were pre-
pared as described by Ehrhardt et al. (1996) with the fol-
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lowing modifications. Two to three plants were set up on a
48- X 60-mm coverslip (no. 1) in a bath of approximately 2
mL of BNM [no L-a-(2-aminoethoxyvinyl)Gly]. For root
hair deformation assays, 6-d-old plants were inoculated on
plates with 10 uL of bacteria resuspended in BNM at an
optical density at a wavelength of 600 nm (ODg,) of 0.5.
The drop was placed at the very tip of the growing root.
Root hair deformation was scored 36 to 48 h after
inoculation.

Bacterial Strain Construction and Growth Conditions

Strains tested for calcium spiking were grown in
Tryptone-Yeast extract liquid medium (Beringer, 1974), un-
der appropriate antibiotic selection. Antibiotics were used
at the following concentrations: 500 ug mL ™' streptomycin,
50 wg mL ™' spectinomycin, 50 ug mL ™' neomycin, and 10
pg mL ! tetracycline. For calcium spiking and root hair
deformation assays, bacterial cultures were grown to mid-
or late-log phase, then cells were spun at 20,000¢ for 1 min,
washed, and resuspended in BNM at an ODy, of 0.5. In the
calcium spiking assay, 100 uL of the resuspended cells was
added to the 2-mL bath containing the injected plants.
Approximately 10® cells, determined by counting colony-
forming units from serial dilution assays, were added to
the bath.

All Sinorhizobium meliloti strains were tested in the
Rm1021 background. Strains RJW13 and RJW14 (Table III)
were constructed by cotransduction with phage N3 of the
marked nodL::Tn5 and the nodF deletion from GMI3032
(Ardourel et al., 1994) or GMI6436 (Ardourel et al., 1995)
into JAS115 containing a nodE::Tn5-233. The average trans-
duced segment is approximately 160 kb, sufficient for co-
transduction of both the nodF deletion and the nodL::Tn5
(Martin and Long, 1984). Colonies were selected for growth
on neomycin and then screened for loss of spectinomycin
resistance. This allowed us to select for transductants that
carried the nodF deletion from GMI3032 in the case of the
nodFnodL strain, or the comparable region, with an intact
nodF from GMI6436 in the case of the nodL strain. The nodF
deletion was confirmed in RJW14 by sequencing. RJW23
and RJW25 were made by introducing, via triparental mat-
ing, with helper plasmid pRK600 (Glazebrook and Walker,
1991), pRmE65, carrying nodD3 under the control of the trp
promoter, into 912T (Table III). 912T carries a nodH::Tn5 in
an Rm1021 background.

Rhizobium lequminosarum bv viciae strains tested in this
study were derived from the wild-type strain A34 (Downie
et al.,, 1983). RJW1 carries pRmJT5 (Table III) introduced
into A34 by triparental mating. RJW18 carries plasmid
pRmS210, derived from pRmJT5 and containing a
nodH::Tn5 (Fisher et al., 1987Db).

Escherichia coli strains were derived from BL21 (DE3)
(Studier and Moffatt, 1986), which contains a T7 RNA
polymerase under control of the lacUV5 promoter. Studies
of nodulation responses by heterologous bacteria such as E.
coli have been limited by a lack of expression of nod genes,
as judged by a lack of activity of nod-lac fusions in E. coli
backgrounds (Fisher et al., 1987a). A previous report dem-
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Table Ill. Strains and plasmids

Strain or Plasmid

Relevant Characteristics

Source or Reference

S. meliloti
Rm1021 Wild type, SU47 str21
SL44 Rm1021 AnodD1ABC

GMI3253 Rm1021 AnodA

JAS108 Rm1021 nodF::Tn5-233, Sp"?
JAS115 Rm1021 nodE::Tn5-233, Sp’
GMI6436 Rm2011 nodL::Tn5, Nm™®
RJW13 Rm1021 nodL::Tn5, Nm*
JT210 Rm1021 nodH::Tn5, Nm"

912T Rm1021 nodH::Tn5, Nm"

Meade et al. (1982)

Fisher et al. (1988)

Debellé et al. (1996)

J.A. Swanson (unpublished data)
J.A. Swanson (unpublished data)
Ardourel et al. (1995)

This study

Swanson et al. (1987)

J. Ogawa (unpublished data)

RIW25 912T pRmE65 This study
GMI3032 Rm2011 AnodF nodL::Tn5, Nm" Ardourel et al. (1994)
RIW14 Rm1021 AnodF nodL::Tn5, Nm' This study
R. leguminosarum bv viciae
A34 Wild type, 8401 pRL1JI Downie et al. (1983)
RIW1 A34 pJT5 This study
RIW18 A34 pRmS210 This study
E. coli
BL21 DE3 F~ ompT, hsdSg (r"mg™) gal dcm (DE3) Studier and Moffatt (1986)
DKR 61 BL21 DE3 pRmE2 pRmJT5 This study
DKR 63 BL21 DE3 pRmE2 This study
DKR 64 BL21 DE3 pRmJT5 This study
Plasmids
pRME65 nodD3 Expressed under control of trp promoter in pTE3 Fisher et al. (1988)
pRmJT5 nodFEGHPQT syrM nodD3 in pLAFR1 Swanson et al. (1987)
pRmS210 nodH::Tn5 in pJT5 Swanson et al. (1987)
pRmE2 nodABC in pAD10 Egelhoff and Long (1985)
pRK600 Helper plasmid derived from pRK290 Glazebrook and Walker (1991)
Phage
N3 S. meliloti-transducing phage Martin and Long (1984)

2 Sp', Spectinomycin resistant. ® Nm’, Neomycin resistant.

onstrating that the T7 promoter is recognized in R. legu-
minosarum (Ritsema et al., 1994) led us to test whether the
converse is true; that is, strains that express T7 polymerase
have an increased ability to recognize nod gene promoters.
We introduced plasmid pRmE2, containing nodABC under
control of the lac promoter, and pRm]T5, carrying the S.
meliloti host specificity genes under their native promoters,
into BL21 (DE3). The resultant strain, DKR61, elicits root
hair deformation, a host nodulation response. Other E. coli
strains into which Rhizobium genes were introduced did
not show the same activity, suggesting that BL21 (DE3)
seems better able to express S. meliloti nod genes (D.H.
Keating and S.R. Long, unpublished data). Two further
BL21 (DE3)-derived strains were constructed as controls
for DKR61: DKR63 and DKR64 carry pRmE2 and pJT5,
respectively.

NFs

S. meliloti wild-type NF, NodRmIV(Ac, C16:2, 5), was
purified as described previously (Ehrhardt et al.,, 1996).
Unsulfated NF from nodH S. meliloti, NodRmIV(Ac, C16:2),
was the kind gift of J. Dénarié (Laboratoire de Biologie
Moléculaire des Relations Plantes-Microorganismes,
CNRS-INRA, Castanet-Tolosan, France). Because of the
tendency of unsulfated nodH S. meliloti NFs NFs to parti-
tion onto glass and plastic surfaces (J.A. Downie, personal
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communication), 0.01% (w/v) CHAPS was added to the
buffer in experiments using these structures.

Calcium Oscillation Assay

Calcium imaging was carried out as previously de-
scribed (Wais et al., 2000). Only root hairs that showed
active cytoplasmic streaming after dye injection were cho-
sen for subsequent imaging. In all experiments, root hairs
were imaged for at least 30 min after addition of NF or
bacteria. Fluorescence data were corrected and trans-
formed as described previously (Wais et al., 2000). In brief,
background-corrected fluorescence data were transformed
using the function Y = X, . ;) — X,, where Y is the
point-to-point change in fluorescence, and X, , ;, and X,
are the intensity measurements at timepoints (n) and (n +
1). For comparison of NF and Rm1021 treatments, lag time
and period of the calcium spiking were calculated as pre-
viously described (Wais et al., 2000). Unless indicated oth-
erwise in the results, purified NF treatments were per-
formed at a final concentration of 1 nM. In determining
when a given bacterial strain was unable to trigger calcium
spiking, we first exposed plants to the test strain and, if no
calcium spiking response was seen, we added back either
purified NF or wild-type bacteria as a positive control. The
total number of root hairs tested with bacterial strains that
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do not elicit calcium spiking, therefore, reflects the number
of root hairs that showed calcium spiking to the control
treatment but not the test strain.

It was noted that Rm1021 does not require pretreatment
with plant flavonoids to trigger calcium spiking and that
this behavior is because of the production, in Rm1021, of a
low level of NF even in the absence of plant flavonoids (R.].
Wais and S.R. Long, unpublished data). As a control, all
Rm1021-derived nod mutants that failed to elicit calcium
spiking were also grown in the presence of luteolin and
tested for subsequent ability to induce calcium spiking. In
no case did an Rm1021-derived strain that failed to induce
calcium spiking without luteolin treatment show an ability
to trigger calcium spiking after luteolin treatment. R. legu-
minosarum bv viciae cells were grown in the presence of 3
wuM eriodyctiol to induce nod gene expression. A34 cells not
pretreated with eriodyctiol failed to induce calcium spiking
in root hairs during a 30-min period of observation (data
not shown).
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