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Figure 5. Cloning, Gene Structure, and Expression Patterns of Nap7 and
Pir1 Genes.

mutants were distinctively shorter and deformed (Figures 6D to
6F, 6H, and 6l).

A distorted trichome phenotype has been described in Arabi-
dopsis nap and pir mutants, and this was correlated with a
disorganized structure of F-actin bundles (Li et al., 2004). In spite
of several independent attempts, we were unable to visualize
actin filaments in lotus trichomes using Alexa-phalloidin staining,
amethod successfully applied to Arabidopsis. Perhaps cell walls
of lotus trichomes are thicker or less penetrable to the stain used
than those in Arabidopsis trichomes. Nevertheless, the altered
trichome phenotype of lotus mutants further suggested the
importance of NAP1 and PIR1 in lotus cells with polar growth
pattern, such as those participating in IT or trichome formation.

Two other types of polarized growth, namely, pollen tubes and
root hair development were also evaluated. In vitro pollen ger-
mination experiments revealed about half the germination fre-
quency in nap1-1, napi1-2, pir1-1, pir1-2, and pir1-3 mutant
pollen (10 to 42%) compared with the wild type (57 to 82%).
Likewise, when grown on the surface of vertically positioned agar
plates (Karas et al., 2005), root hair formation appeared ad-
versely affected in nap1-1, pir1-1, and pir1-1 nap1-1 double
mutant roots when compared with wild-type control roots (Figure
7A). Although consistent across all mutant genotypes and
growth conditions tested, this phenotype was rather subtle.
Furthermore, its severity (in terms of the length and number of
root hairs formed) varied substantially even between individuals
of the same genotype, precluding quantification. Like the corre-
sponding Arabidopsis mutants, the lotus nap? and pir1 were
affected in various growth characteristics. Thus, root elongation
of the mutant roots was diminished in comparison to wild-type
plants grown under the same experimental conditions (Figure
7B). Furthermore, comparing soil-grown plants, the nap7 and
pir1 mutants were generally less vigorous than the wild type,
reflected in the reduced size of mature plant shoots (Figure 6S).
Flowering and seedpod formation was also less prolific in nap1
and pirl mutants in comparison with wild-type plants. The
fraction of soil-grown plants setting flowers and developing
seedpods within the first 9 weeks after sowing was reduced to
~50 and 30% in nap1-1 and pir1-1 mutant populations, respec-
tively (Figure 6T). Nevertheless, the mutants could complete their

(A) SSAP detection of LORE-1 element integrations in pir7-1 and
nap1-1 mutant plants compared with parental lines L. japonicus Gifu
and Miyakojima MG20. Asterisk indicates new integration in the nap1-1
allele. Both bands represent the same integration event.

(B) Pir1 gene structure. Positions of mutations in the pir1-1, pir1-2,
pir1-3, pir1-4, and pir1-5 alleles are indicated.

(C) Nap1 gene structure. Positions of the mutations in the nap7-7,
nap1-2, and nap1-3 alleles are indicated. In (B) and (C), filled rectangles
indicate exons, and thin lines indicate introns.

(D) Relative levels of Nap7 and Pir1 mRNA in different wild-type lotus
organs. The level in uninoculated roots is set to 1 for each gene. Bars
represent 95% confidence intervals.

(E) and (F) RT-PCR detection of 5'- and 3'-ends of the Nap1 transcript in
leaves of the nap7-2 mutant and wild-type plants. In each panel: lanes
1 and 2 are wild-type and nap 7-2 ubiquitin controls; lane 3 and 4 are wild-
type and nap1-2 Nap1 transcripts; lane 5 is the size marker.
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Figure 6. Trichome and Growth Phenotype of L. japonicus Wild-Type Gifu, nap1-1, pir1-1, and pir1-1 nap1-1 Double Mutant Plants.

(A) to (F) Trichomes on the wild type ([A] to [C]) and the nap1-2 mutant ([D] to [F]). Images of trichomes formed on fully expanded flowers ([A] and [D]),
stem internodes ([B] and [E]), and the abaxial surface of the leaf midvein ([C] and [F]) are shown. Bars = 1 mm in (A), (C), (D), and (F) and 500 pm in (B)
and (E).

(G) to (I) Flower of wild-type (G), pir1-1 (H), and nap1-1 (I) showing the trichome phenotype of the sepals. Bars = 5 mm.

(J) to (R) Pod and seed phenotype of wild-type ([J] to [L]), pir?-1 ([M] to [O]), and nap1-71 ([P] to [R]). Bars = 1 cm.

(S) and (T) Shoot growth phenotype and developmental status of 9-week-old soil-grown wild-type, pir1-1, nap1-1, and pir1-1 nap1-1 plants. The

fractions of plants that reached the stages of flowering (black bars) and pod development (cross hatched bars) are shown. Results are shown for two
different pir1-1 nap1-1 lines.
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Figure 7. Root Development in L. japonicus Wild-Type Gifu, nap1-1, pir1-1, and pir1-1 nap1-1 Mutants.

(A) Light microscopy images of root segments (root tip toward bottom) showing diminished root hair development in the mutant plants compared with
the wild-type control. The depicted differences in root hair density between individual mutant lines reflect the range of variation observed independently

in each mutant genetic background tested.

(B) Root length of 7-d-old seedlings, showing significantly (‘P < 0.05 in a t test) reduced elongation of the mutant roots. Mean values = 95% confidence

intervals are given for each genotype (n = 20).

life cycle and produce viable seeds. Seed formation was also
affected, and both nap7 and pir1 mutants displayed a shrunken
pod phenotype due to reduced seed set (Figures 6J to 6R). The
shrunken seedpod phenotype, the nodulation phenotype, and
the distorted trichomes cosegregated in 20 pir1-1 mutants se-
lected from an F2 population of a backcross to wild-type lotus.
Furthermore, all mutant phenotypic features described above
were common to all nap? and pir1 alleles, suggesting the
involvement of Nap? and Pir1 in the same actin-regulating
pathway within different cell types.

The Role of Nap1 and Pir1 in the Infection Process

The function of NAP and PIR proteins has been investigated in
detail in animals, protists, and Arabidopsis. Both proteins
are part of the SCAR/WAVE complex that mediates actin dy-
namics. To investigate the role of the lotus NAP1 and PIR1
proteins during infection, we analyzed the actin structure in root
hairs at three developmental stages. Two different techniques
were used: Alexa-phalloidin staining of unfixed root hairs (Van
Gestel et al., 2001) and imaging of live root hairs of transgenic
roots using the 35S:GFP-ABD2-GFP F-actin reporter (Wang
et al.,, 2007). Actin filaments in short (40 to 50 pm) wild-type

root hairs visualized with Alexa-phalloidin (n = 25) show a
characteristic arrangement with long cables of aligned actin
filaments running longitudinally (Figure 8A). In the equivalent root
hairs of pir1-1 and in nap7-1 mutants (n = 25), actin filaments
were significantly more transverse and less longitudinally aligned
(Figures 8C and 8E). Comparable stuctural differences were
observed in short root hairs (n = 36) and in medium length root
hairs (80 to 100 wm, n = 20) using the 35S:GFP-ABD2-GFP
F-actin reporter (Figures 8B, 8D, and 8F to 8l). In the longer (>120
wm, n = 20) mutant roots hairs, an actin structure more compa-
rable to the long bundles of actin filaments running longitudinally
in wild-type root hairs (n = 39) was observed (Figures 8J, 8K, 8M,
and 8N).

Application of purified Nod factor to wild-type root hairs
caused a rapid rearrangement of actin filaments visualized using
Alexa-phalloidin. The longitudinally oriented actin bundles be-
came thinner and a regional accumulation of more diffuse actin,
close to the root hair tip, was observed in 160/260 root hairs
(Figures 8J and 8K). In the pir1-1 mutants, no distinct alteration in
actin cytoskeleton was observed in 130 root hairs examined after
application of Nod factor (Figure 8M). In the nap7-1 mutants,
accumulation of diffuse actin was observed in only 10 out of 350
mutant root hairs, and no accumulation was detected in 340/350
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Figure 8. Actin Cytoskeleton of Root Hairs, Visualized by Alexa-Phalloidin Staining or Expression of the 35S:GFP-ABD2-GFP F-Actin Reporter in
Transgenic Roots.
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root hairs (Figure 8N). M. loti inoculation also induced accumu-
lation of diffuse actin, in 5 out 10 roots hairs, of the wild type
(Figure 8L), but no alteration in actin cytoskeleton was observed
in root hairs of pir1-1 and nap1-1 root hairs (0/10 each; data not
shown) following inoculation.

The root hair deformation assay showed a drastically attenu-
ated response of mutant root hairs to external application of Nod
factor. nap1-1 and pir1-1 showed only sporadic and limited root
hair deformations. These were characterized by some root hair
swelling with a markedly reduced size of the root hair tip polar
outgrowth as compared with the wild-type control (see Supple-
mental Figure 5 online). Prolonged incubation for an additional 16
h in the presence of Nod factor did not increase the size of the
polar outgrowth, suggesting that this defect was not due to a
delayed or slower response of mutant root hairs. By contrast,
wild-type roots showed abundant root hair deformations and a
significant polar outgrowth of root hair tips was reproducibly
observed after overnight incubation. The apparent failure of
mutant root hairs to properly respond to Nod factor application
could explain the strong impairment in the ability of nap 1 and pir1
mutant plants to support root colonization by M. loti. In addition,
these results provide further support for the crucial role of Nap1
and Pir1 in the dynamic actin reorganization that mediates polar
cell growth in response to Nod factor signaling.

Nod factor-induced calcium influx coincides temporally and
spatially with actin rearrangement and was proposed to be
involved in the rapid reorganization of actin in responding root
hairs (Sanchez et al., 1991; de Ruijter et al., 1999). Calcium influx
and calcium spiking was therefore measured in pir1-1 and
nap1-1 mutants to investigate the relationship between the early
electrophysiological and cellular changes observed in root hairs.
Ratios of fluorescence of Oregon Green to Texas Red were
determined after Nod factor application (Miwa et al., 2006), and
as seen in Figure 9, no significant differences in calcium influx or
calcium spiking were observed between the wild type and the
pir1-1ornap1-1 mutants. This suggests that Nod factor-induced
actin rearrangement mediated by Nap and Pir acts downstream
or in parallel to calcium influx and spiking.

Phenotype of nap1-1 pir1-1 Double Mutants

A double mutant that combines the lotus nap7-7 and pir1-1
alleles was constructed. The resultingnap7-1 pir1-1 homozygous
double mutant was viable and showed essentially the same
mutant phenotypes as observed in the corresponding single
mutants (Figures 1, 6S, and 6T). Thus, the double mutant
developed empty nodules upon inoculation with M. loti, and
only occasionally a few pink nodules were found (Figure 1A). This
was associated with the impairment in the initiation and/or
progression of ITs (Figures 3A and 3F). The double mutant also
showed the trichome and shrunken pod phenotypes, its overall
growth was affected to the similar extent as observed in the
corresponding single mutants, and no differences were seen in
calcium spiking or calcium flux (Figure 9). Phalloidin visualization
of actin in root hairs of double mutants revealed a filament
structure that was similar to the milder perturbations observed
also in single mutants.

DISCUSSION

The cytoskeleton plays a central role in regulating plant cell
growth. Fundamental processes, such as cell division, cell
expansion, organelle movement, stomatal closure, and cell
morphogenesis, depend on dynamic rearrangements of the
microtubule and actin networks of the cytoskeleton (Wasteneys
and Galway, 2003; Ketelaar et al., 2003; Takemoto and Hardham,
2004; Bannigan and Baskin, 2005; Hussey et al., 2006). Since
polarized cell growth has been particularly amenable to investi-
gations, processes such as pollen tube elongation, root hair
development, trichome morphogenesis, and lobe formation in
leaf epidermal cells have been used as convenient models
for describing the mechanisms underlying the dynamic reorga-
nization of the cytoskeleton in expanding plant cells (Ketelaar
et al., 2003; Smith and Oppenheimer, 2005; Samaj et al., 2006). It
has become clear that in spite of traditionally assigned functions,
with microtubules determining the directionality and actin medi-
ating the rate and overall extent of cell expansion, a significant

Figure 8. (continued).

(A) to (E) Short root hairs (40 to 50 pwm).

(F) to (I) Medium length root hairs (80 to 100 um).
(V) to (N) Long root hairs (>120 pum).

(A) Wild-type root hair, phalloidin-stained actin.

(B) Wild-type root hair; actin visualized using the 35S:GFP-ABD2-GFP F-actin reporter.

(C) Actin filaments in pir1-1 root hairs, phalloidin.

(D) Actin filaments in pir1-1 root hairs, F-actin reporter.
(E) Actin filaments in nap7-1 root hairs, phalloidin.

(F) Wild-type root hair, F-actin reporter.

(G) and (H) Examples of actin filaments in pir1-1 root hairs, F-actin reporter.

(I) Actin filaments in nap7-1 root hairs, F-actin reporter.
(J) Wild-type root hair before Nod factor application, phalloidin.

(K) Wild-type root hair 30 min after Nod factor application. Note the zone of diffuse actin accumulation at the tip of the root hair (arrowhead), phalloidin.
(L) Wild-type root hair 30 min after M. loti inoculation. Note the zone of diffuse actin accumulation at the tip of the root hair (arrowhead), phalloidin.

(M) pir1-1 root hair 30 min after application of Nod factor, phalloidin.
(N) nap1-1 root hair 30 min after application of Nod factor, phalloidin.
Bars = 20 pm.
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Figure 9. Nod Factor-Induced Calcium Flux and Calcium Spiking in L.
japonicus nap1-1, pir1-1, and pir1-1 nap1-1 Mutants.

Calcium levels were monitored in individual root hairs of the wild type and
nap1-1, pir1-1, and pir1-1 nap1-1 mutants following addition of 100 nM
M. loti Nod factor (black vertical line). The ratios (arbitrary units) of
fluorescence of Oregon Green (calcium sensitive) to Texas Red (calcium
insensitive) were recorded every 5 s for >30 min. The number of cells
showing calcium spiking or calcium flux is shown in the inset table as a
fraction of the total number of cells analyzed (with the total number of
plants tested in parentheses). Solid bars indicate region of the trace
where there is a significant transient increase in cellular calcium partic-
ularly at the root tip compared with other cytoplasmic or nuclear regions,
and the open bars indicate the parts of the traces showing nuclear-
associated calcium spiking.

cooperation between these two cytoskeletal arrays exist, and
this is required for a proper cell morphogenesis (Bannigan and
Baskin, 2005).

Rearrangements of microtubule and actin cytoskeleton were
observed in root hair cells reacting to rhizobial signaling by
initiation of a variety of growth responses. The initial swelling and
subsequent re-initiation of polar root hair tip growth as well as the
initiation and subsequent inward oriented extension of ITs have
all been shown to be preceded by and associated with significant
cytoskeletal reorganization. It was postulated that Nod factor-
induced actin rearrangements in root hairs are a prerequisite for
IT formation (Cardenas et al., 1998). Our data provide strong
genetic and experimental support for this hypothesis by showing
that L. japonicus Nap1 and Pir1 genes are essential for establish-
ing the actin organization in lotus root hairs and that they are
required for IT-dependent root colonization by M. loti. Observa-
tion of both mild and severe distortion of actin filaments in nap?1
and pir1 mutant root hairs emphasizes the dynamics of actin
rearrangements. The lotus nap7 and pirl mutants showed a
defective symbiotic phenotype. The collective evidence ob-
tained by performing phenotypic and genetic analyses, physical
mapping, and map-based cloning and sequencing of mutant
alleles identified lotus Pir1 and Nap1 as essential genes for IT-
dependent infection. The corresponding conceptual proteins,
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NAP1 and PIR1, showed amino acid sequence homology with
Arabidopsis NAP125 and PIR121, respectively, which are com-
ponents of the SCAR/WAVE complex that regulates actin cyto-
skeleton (Brembu et al., 2004; Deeks et al., 2004; Li et al., 2004).

NAP and PIR Regulation of Actin Dynamics

The actin cytoskeleton is formed by polymerization of G-actin
monomers. Its dynamic reorganization is mediated by special-
ized proteins that can nucleate, stabilize, cross-link, cap, sepa-
rate, and degrade F-actin polymers. Although species-specific
differences at the cellular level have been documented, both the
protein components and composition of the protein complexes
involved were found to be conserved (Deeks and Hussey, 2005).
Thus, actin polymerization was shown to be mediated by the
actin-related protein ARP2/3 complex, which binds preexisting
actin polymers and nucleates new filaments (Le et al., 2003; Li
etal., 2003; Mathur et al., 2003; EI-Din El-Assal et al., 2004; Smith
and Oppenheimer, 2005). The ARP2/3 complex is activated by
the SCAR/WAVE complex, which in Arabidopsis consists of the
PIR121, NAP125, ABI, HSPC300, and SCAR proteins (Deeks
et al., 2004; Gautreau et al., 2004). Activation of the SCAR/WAVE
complex was most extensively characterized in mammalian cells
(Eden et al., 2002). Binding of Rac GTPase to PIR121 activates
the SCAR complex linking actin polymerization to endogenous or
external signaling events.

In agreement with earlier observations, we showed that sig-
naling by Nod factor-producing M. loti leads to a rapid and
transient rearrangement of actin cytoskeleton in lotus root hairs.
By contrast, root hairs of the nap7 and pir1 mutants had a
disorganized actin cytoskeleton that was not responsive to
bacterial inoculation. Therefore, these results indicate that a
key function of NAP1 and PIR1 proteins is to mediate the
organization of actin polymers in lotus root hairs. They also
suggest that the dynamic reorganization of the actin cytoskele-
tonin response to bacterial signaling requires Nap7 and Pir1. The
attenuated responses of nap7 and pir1 mutant root hairs to
external application of Nod factor and the markedly reduced size
of the root hair tip polar outgrowth compared with the wild type
indicate a role in the earliest cellular responses of root hairs. An
attractive explanation for the root hair deformation response is a
NAP1- and PIR1-dependent role for the SCAR/WAVE complex in
activation of the nucleation and polymerization that has been
suggested to cause the subapical accumulation of fine actin
filaments in response to Nod factor (Cardenas et al., 1998; de
Ruijter et al., 1999). Nod factor-induced root hair deformation,
Ca?+ influx, and Ca?* spiking all appear to branch from the initial
perception event (Miwa et al., 2006). Ca*+ spiking is not neces-
sary for root hair deformation (Miwa et al., 2006), and although
the Ca2* influx has been proposed to be required for root hair
deformation (Esseling et al., 2003), this seems unlikely, because
at least three orders of magnitude less Nod factor is sufficient to
induce root hair deformation compared with that required for the
Ca?+ influx, as measured using a Ca®*-sensitive dye (Miwa et al.,
2006) or the Ca?* influx—associated alkalinization measured us-
ing a microelectrode (Felle et al., 1998; Radutoiu et al., 2003). Our
observations are consistent with the Ca2* responses occurring in
parallel with the NAP1- and PIR1-induced cytoskeletal changes,
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although we cannot exclude the possibility of a low level or
localized change in Ca2* that cannot be measured in root hairs
using existing techniques.

The Nonsymbiotic Phenotypes of nap and pir Mutants

Deleterious mutations in the genes encoding the components of
the SCAR/WAVE complex, such as NAP and PIR, have been
reported to cause the so-called distorted mutant phenotypes in
Arabidopsis, including distortion of trichome branching. The
observation that lotus nap7 and pir7 mutants have an aberrant
trichome phenotype further supports the function of the NAP1
and PIR1 proteins in a presumed L. japonicus SCAR/WAVE
complex. This notion is also consistent with the disorganized and
unresponsive structure of the actin cytoskeleton observed in the
mutant root hairs, as described above.

Inactivation of the SCAR/WAVE complex in animal cells
causes a lethal phenotype, but lotus nap? and pir1 mutants
were fully viable. In line with the latter observation, the corre-
sponding Arabidopsis mutants were also viable. In fact, the
lethality has not been observed in mutant plants carrying dele-
terious mutations in genes known to regulate the actin cytoskel-
eton. Nevertheless, more general effects on plant growth and
development, including reduced chlorophyll content, shortened
siliques, reduced seed production, and substantially increased
length of dark-grown roots in comparison with the wild-type
control, were reported in Arabidopsis nap-1 and pir-1 mutants
(Brembu et al., 2004; Deeks et al., 2004; Li et al., 2004). Similarly,
lotus nap1 and pir1 showed various growth aberrations, further
substantiating the general cell biological effects of the mutations.
Unlike in Arabidopsis, however, the overall development of roots,
including their elongation and the formation of root hairs, was
diminished in lotus nap1 and piri.

Actin Rearrangement and the Bacterial Infection Process

L. japonicus plants carrying a mutant nap1 or pir1 allele had a
significantly diminished ability to respond to inoculation by
capturing bacteria within curled root hairs and initiating ITs.
The rare ITs that formed underwent rapid disintegration, and only
sporadically ITs that extended to the base of the epidermal cell
were observed. Thus, NAP1 and PIR1 were required during all
stages of the infection process, including the initiation and
maintenance of IT integrity. A total lack of IT formation within
the root cortex further suggested that NAP1 and PIR1 were
essential for the progression of the infection process beyond the
root epidermis. By contrast, nap7 and pir1 mutants appeared
fully competent to initiate nodule primordia, which culminated
with the organogenesis of empty nodule structures, indicating
that NAP1 and PIR1 were not required for this process. A
significantly increased number of nodule formation events in
the nap1 and pir? mutants in comparison to wild-type plants
likely reflects the functioning of a homeostatic mechanism. Such
a regulatory mechanism could operate to allow the host plant to
monitor the progression of infection events and to respond
appropriately by adjusting the competency of the root to subse-
quent bacterial signaling.

Considering all of the growth defects observed in lotus nap1
and pir1 mutants, the most dramatic effect was associated with
the infection process. Therefore, the molecular characterization
of lotus nap1 and pir1 mutants provides a new model with which
several fundamental questions in the nodulation process could
be answered while furthering the overall understanding of the
cellular processes that regulate polarized cell growth in response
to external stimuli. Signaling by Nod factor likely activates small
GTPases that, in turn, participate in rapid cellular responses,
including the activation of SCAR/WAVE-dependent reorganiza-
tion of the actin cytoskeleton. In this context, a comprehensive
understanding of the interrelationship between Nod factor-
induced dynamic actin reorganization and calcium signaling,
processes that are central to symbiosis, will be essential and
should be facilitated by the availability of lotus nap7 and pir1
mutants.

We have demonstrated the essential role of Nap7 and Pir1
genes in the dynamic reorganization of the actin cytoskeleton
and showed that they are required for IT and trichome formation
in L. japonicus. Based on our data, we predict that other
symbiotic legume mutants with trichome and IT defects, such
as crinkle and lot1, might define additional components influ-
encing cytoskeleton dynamics. Together, this should improve
our understanding of the cellular mechanisms that mediate IT-
dependent root colonization of legume roots by symbiotic bac-
teria.

METHODS

Plant Material

The eight nap1 and pir1 mutants were isolated as symbiotic mutants, and
they are all in an ecotype Gifu B-129 background (Handberg and
Stougaard, 1992). nap7-1 previously called sym67 was found in a
population screened for Ac-tagged mutants (Thykjeer et al., 1995; Sandal
et al., 2006), nap71-2 and nap1-3 mutants previously called S12-5A and
S90-D originate from an EMS-mutagenized population (Murray et al.,
2006). pir1-1 previously called sym40 was found in a population screened
for Ac-tagged mutants (Thykjeer et al., 1995; Sandal et al., 2006), pir1-2,
pir1-3, pir1-4, and pir1-5 originate from EMS populations and were
previously called sym80 (Kawaguchi et al., 2002), S14-3, S57-F, and B31-C
(Murray et al., 2006), respectively. Seeds of the wild type, nap1-1,
pir1-1, and nap1-1pir1-1 double mutant were surface sterilized as de-
scribed previously (Handberg and Stougaard, 1992) and grown for 6
weeks in Magenta boxes or 5 weeks on solid quarter-strength B&D
(Broughton and Dilworth, 1971) slants with 1 mM KNO3. Plants were
grown with or without Mesorhizobium loti strains NZP2235 or R7A
(Sullivan et al., 1995).

Phalloidin Staining and Fluorescence Microscopy

A method modified after Van Gestel et al. (2001) was used for phalloidin
staining of unfixed root material. Roots from young seedlings, 5to 6 d old,
were carefully excised to avoid damaging the root hairs and placed in
actin stabilizing buffer (ASB) containing 100 mM PIPES, 10 mM EGTA,
and 5 mM MgSQOy, pH 6.8, supplemented with 1.5% glycerol, 0,1% Triton
X-100, and 2 units of AlexaFluor 488-conjugated phalloidin (Invitrogen).
The roots were incubated in 100 wL ASB buffer in the dark overnight at
room temperature, washed three times in ASB, and mounted in ASB on
glass slides for confocal fluorescence microscopy. The stained material



was analyzed with a Zeiss LSM 510 Meta confocal microscope. The
AlexaFluor 488 dye was excited with the 488-nm line of the Ar laser, and
emission was captured with the 505- to 530-nm band-pass filters. The
same settings, with an additional bright-field channel, were used for GFP
visualization. Transgenic root hairs expressing the 35S:GFP-ABD2-GFP
F-actin reporter (Wang et al., 2007) were generated and analyzed as
described by Radutoiu et al. (2003).

IT Analysis and Root Hair Deformation

To visualize ITs, roots were inoculated with M. loti NZP2235 expressing
the lacZ reporter gene. Plants were grown at 21/16°C and a 16/8 h day/
night regime on a substrate of Leca (Optiroc) and Vermiculite (3:1 mixture)
and supplemented with 50 mL of quarter-strength B&D medium with
1 mM KNOj in Magenta containers (Sigma-Aldrich). Each seedling was
inoculated with 400 pL (ODggp ~0.01 to 0.02) of M. loti NZP2235
expressing the lacZ reporter gene strain, and ITs were visualized 2, 4,
and 6 weeks after inoculation by staining for 3-galactosidase activity, as
described by Boivin et al. (1990). ITs were observed using Zeiss fluores-
cence microscope under bright-field illumination. Alternatively, roots
from plants inoculated as described above with M. loti R7A expressing
GFP were harvested at 7, 14, and 21 d after inoculation, mounted on
slides in deionized water, and observed directly. The number of ITs was
recorded for each plant. Nod factor isolation and root hair deformation
assays were performed as described (Miwa et al., 2006). At least 20 roots
were scored for each genotype in three independent experiments.

Pollen Germination and Root Hair Assays

Pollen released from mutant and wild-type flowers was germinated in 100
wL of afilter-sterilized medium consisting of 1 mM CaCl,, 1 mM Ca(NOs3),,
1 mM MgSQO,, 0.01% H3BOz;, and 18% sucrose, pH 7.0. Pollen was
germinated at room temperature in the dark for 3 to 4 h before 30 pL was
spotted onto a glass slide and observed at X20 magnification (Li et al., 1999).

For the analysis of root growth and root hair phenotypes of nap7-1 and
pir1-1 mutants, as well as the nap7-1 pir1-1 double mutant, seeds were
germinated on Whatman filter paper for 2 d in the dark. These were then
carefully transferred to plates containing half-strength Gamborg’s B5
with minimal organics, 2.5 mM MES hydrate, 4.5% sucrose, and 0.8%
phytagel, where they were grown and analyzed as described (Karas et al.,
2005).

Microscopy

Sectioning of nodules for light microscopy was performed as described
previously (van Spronsen et al., 2001). Nodules and bumps from nap1-1
and pir1-1 mutant plants grown for 6 weeks were fixed in 1.5% parafor-
maldehyde and 2.5% glutaraldehyde. The samples were dehydrated by
two washes of distilled water and three washes in 50 mL of 2.2
dimethoxypropane to which 100 pL of 10% HCI had been added prior to
embedding in Technovite 7100 (according to the manufacturer Haereus
Kluwer) for sectioning. Thin sections (5 wm) were stained in 0.1%
Toluidine blue for 1 min and rinsed in water before the light microscopy.

Calcium spiking and calcium flux were analyzed essentially as de-
scribed previously (Miwa et al., 2006) using the calcium-sensitive dye
Oregon Green-dextran 10,000 MW and the reference dye Texas Red-
dextran 10,000 MW (Molecular Probes). Nod factor was added directly to
an incubation chamber containing 100 pL of Fahraeus nitrogen-free plant
medium (Fahraeus, 1957) to give an estimated final concentration of 100
nM. For calcium flux analysis, fluorescence was imaged over the tip and
over the entire root hair cell. Only those cells showing a significant
transient increase in both tip calcium and in the entire root hair cell were
considered positive for calcium flux.
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SSAP Analyses and Positional Cloning

Nap1 and Pir1 were mapped with two and four independent F2 mapping
populations, resulting from crosses between each mutant and MG-20
Miyakojima (Kawaguchi et al., 2001). Plants were grown in a greenhouse in
pots containing Leca (Optiroc) as described previously (Radutoiu et al., 2003).
F2 plants homozygous for the nap1 and pir1 mutants were screened by
white bump phenotype 4 weeks after inoculation with M. loti NZP2235. In
total, 1077 and 822 homozygous F2 mutant plants of nap7-1 and pir1-1
were analyzed. Microsatellite markers developed from BAC and TAC
clones anchored to the general genetic map of the region were used for
fine mapping and for building the physical BAC/TAC contig. The SSAP
analyses were performed as described previously (Madsen et al., 2005).
Protein sequences were aligned using ClustalX set with a gap opening of
25, and the percentage identities were determined using DNAsis. DNA
sequences of wild-type and mutant alleles were processed using the
Sequencher software, which was also used to delimit reading frames.

Gene Expression Analyses

Total RNA was isolated using Trizol (Sigma-Aldrich), and RNA was treated
with RQ1-DNase (Promega). Transcript levels were determined by quan-
titative real-time RT-PCR (Radutoiu et al., 2003). All cDNA samples
were tested for contaminating DNA using PCR primers specific for the Nin
gene promoter (Radutoiu et al., 2003). Primers for transcript amplification
were as follows: PIR-fw, 5'-CACGCACCTCCCTGTTCAGGGATG-3', and
PIR-rev, 5'-TGGAGCACCACTTTGCTTAATAGC-3’; NAP-fw, 5'-CTTG-
GAGTGAAACACAAAGAGCTC-3’, and NAP-rev, 5'-CAATGGAGTG-
GATGGAGTGTCTGC-3'; TIP41-fw, 5'-TCAAGCTTTGTCTGCGAAAGG-3',
and TIP41-rev, 5'-ATCAATTTCACTTTCTGCATTAAGG-3'. Foreach sam-
ple normalized, relative ratios of analyzed genes and three indepen-
dent housekeeping genes (Protein phosphatase2A, TIP41, and Tubulin
B-chain [Czechowski et al., 2005; Tirichine et al., 2007]) were calculated
using Relative Quantification software (Roche). The geometric mean of
relative expression ratios for three biological and three technical repeti-
tions and corresponding upper and lower 95% confidence intervals were
calculated (Vandesompele et al., 2002).

For comparing the nap7-2 and wild-type transcripts shown in Figure 5,
total RNA was extracted from leaf tissue using the RNeasy Plant Mini Kit
(Qiagen) and treated with DNasel. Random hexamer-primed cDNA was
synthesized using the Thermoscript RT-PCR system (Invitrogen) in a total
reaction volume of 20 pL, and a control reaction for each RNA sample was
included to which no reverse transcriptase was added. A 5’ portion of the
Lj NAP gene spanning the presumed deletion in nap7-2 mutants was
amplified (wild-type product size = 1039 bp) using the following condi-
tions: 5 min denature at 94°C, followed by 35 cycles of 94°C for 30 s, 56°C
for 30 s, 68°C for 2 min, followed by a 7-min soak at 68°C. For the
comparative analysis of Lj NAP transcripts produced by wild-type Gifu
and the nap7-2 mutant, a 664-bp fragment from exon 28 of the Lj NAP
gene was amplified (5 min denature at 94°C, followed by 30 cycles of 94°C
for30's, 58°C for 30's, 68°C for 1 min, followed by a 7 min soak at 68°C). All
RT-PCR reactions were conducted using 1 pL of cDNA template and
High Fidelity Platinum Tag DNA Polymerase (Invitrogen) and a GeneAmp
9700 series thermocycler. Primers used are as follows: (Ubiquitin refer-
ence gene) Ubi-F, 5'-TTCACCTTGTGCTCCGTCTTC-3’, Ubi-R, 5'-AAC-
AACAGAACACACAGACAATCC-3'; (Lj NAP RT-PCR 3’ region) Lj NAP
Exon28, F 5'-AAACACGAAGCACCCACTCT-3’, Lj NAP Exon28, R1
5'-GGATACCGAGGGTGATATGG-3'; (Lj NAP RT-PCR 5’ region) Lj
NAP 5’ RT F1, 5'-AAACACGAAGCACCCACTCT-3’, Lj NAP 5" RT R2
5'-GGATACCGAGGGTGATATGG-3'.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: Nap1 gene (AM946362),
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Pirt gene (AM946363), Pirt mRNA (AM946364), Nap? mRNA
(AM946365); BAC and TAC clones: LjB386A21 (BM2150), AP009620;
LjT39G23 (TM2115), AP009621; LjT61G21 (TM2120), AP009622; and
LjB309G02 (BM2152), AP009623.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure 1. Map-Based Cloning of Lj Nap1.
Supplemental Figure 2. Alignment of NAP1 Proteins.
Supplemental Figure 3. Map-Based Cloning of Lj Pir.
Supplemental Figure 4. Alignment of PIR1 Proteins.

Supplemental Figure 5. Root Hair Deformation after Nod Factor
Treatment.
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