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We examined the site-specific induction of the flavonoid
pathway before and during nodule initiation in white clo-
ver with transgenic plants, fluorescence microscopy, and
microspectrofluorometry to test if flavonoids play arolein
nodule organogenesis. A chalcone synthase regulated 3-
glucuronidase (GUS) transgene (CHS3:gusA) was up-
regulated from 3 h post inoculation (p.i.) until cell division
(around 40 h p.i.) in inner cortex cells underlying the in-
oculation site. Intracellular fluorescence occurred in vacu-
oles of those inner cortex cells from 13 h p.i. until the fluo-
rescent cells divided. Fluorescence emission spectra of
contents of individual fluorescing cortex cells were meas-
ured in situ and compared with emission spectra of com-
pounds purified from root extracts. The fluorescing com-
pound located in cells of the inner cortex after Rhizobium
leguminosarum bv. trifolii infection was identified as a wa-
ter-soluble derivative of 7,4'-dihydroxyflavone. Nodule
primordium cells contained a different fluorescent com-
pound, identified as the isoflavonoid formononetin.
CHS3:gusA expression and flavonoid accumulation were
only induced in inner cortex cells by a nodulating Rhizo-
bium strain and by clover-specific lipo-chitinoligosac-
charides, but not by non-nodulating rhizobia. Fluores-
cence was also induced by compatible rhizobia in other
legumes such as alfalfa, pea, and siratro in the cells that
participate in nodule initiation. Our results show that
fluorescent flavonoids are useful markers in nodule or-
ganogenesisin clover and may have direct roles in nodule
formation.

Additional keywords: auxin transport inhibitor, nod gene in-
ducer, secondary signals, signal transduction.

Soil bacteria of the genera Rhizobium, Bradyrhizobium,
Mesorhizobium, Snorhizobium, and Azorhizobium, generi-
caly caled rhizobia, induce root nodules on legume plants.
Rhizobia induce nodule organogenesis by producing lipo-

al. 1995), which induce cell divisions in inner (indeterminate
nodulation) or outer (determinate nodulation) root cortex cells.
The divided cells then form a nodule primordium that later
differentiates into the mature nodule (Spaink 1996).

It is not known how LCOs induce cell divisions in certain
cells of the root cortex. Because cell divisions in the plant are
regulated by phytohormones, especially auxin and cytokinin,
LCOs could interfere with the phytohormone balance (Bauer
et al. 1996; Hirsch et al. 1989; Hirsch 1992). One possible
mechanism could be through the inhibition of polar auxin
transport during nodule initiation (Mathesius et al. 1998).
However, because the structure of the LCO molecule is very
different from any known auxin transport inhibitor, it is un-
likely that the LCO molecule itself acts directly in this role.
Rather, specific plant flavonoids could act as secondary sig-
nals that alter the auxin balance (Hirsch 1992). Mathesius et
al. (1998) showed that the application of flavonoid aglycones,
LCOs, or a synthetic auxin transport inhibitor onto or into the
root led to similar changes in the expression of an auxin re-
sponsive reporter construcBKi3:gusA) in the stele within
hours. Specific flavonoid aglycones inhibit auxin transport in
zucchini hypocotyls (Jacobs and Rubery 1988), whereas fla-
vonoid glycosides are inactive.

Several reports demonstrated that flavonoid production
(Lawson et al. 1996; Recourt et al. 1992; Schmidt et al. 1994)
and flavonoid gene expression are induced both prior to
(Krause et al. 1997; Lawson et al. 1994; McKhann et al. 1997;
Savouré et al. 1997) and during nodule formation (Charrier et
al. 1995; Yang et al. 1992). Excreted flavonoids induce bacte-
rial nodulation genes (Redmond et al. 1986) that are responsi-
ble for LCO biosynthesis. So far, flavonoids have not been
localized during the earliest stages of nodule organogenesis.

If flavonoids mediate the action of LCOs via a localized
and/or transient perturbation of the auxin balance, the induc-
tion of flavonoid gene expression should precede the shifts in
the auxin balance and flavonoid accumulation should spatially
correlate with the inferred changes in auxin levels observed

chitin oligosaccharides (LCOs) (Dénarié et al. 1996; Spaink et (Mathesius et al. 1998). To find out if rhizobia induce fla-
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vonoids at the site of infection, we used two approaches to
investigate the induction of the flavonoid pathway in space
and time during the earliest stages of nodule initiation in white
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reporter gene in transgenic white clover plants. Second, to
find out whether end products of the flavonoid pathway were
localized in the same cells in which CHS induction occurred,
we examined the contents of these cells in situ by fluores-
cence microscopy and microspectrofluorometry. Microspec-
trofluorometry has been developed to localize fluorescent
compounds in cells following anhydrous substitution (Bayliss
et d. 1997). This method has been simplified by using thick,
fresh root sections and analyzing fluorescent contents of the
intact cells. The fluorescent spectra of the cell contents were
compared with those of flavonoids isolated from root extracts
and commercial standards. Potential fluorescent flavonoids
were aso detected in live tissue sections by applying the fla-

clover. First, we examined the expression of chalcone syn-
thase (CHS), which encodes the first enzyme of the flavonoid
pathway (Stafford 1990). The genes encoding CHS occur as a
multigene family in clover (Arioli et a. 1994). We examined
the expression of a CHS promoter (CHS3) fused to the gusA

Table 1. Results from spot inoculation of nodulating, mutant, and het-
erologous bacterial strains and lipo-chitin oligosaccharides (LCOs) onto
roots containing th€HS3:gusA reporter construct

Total no.

of treated _R_oots with
Spot inoculated Incubation or control _POsitiveresponse®
strain or substance time (h) roots* Inoc. Control
Rhizobium leguminosarum 3 12 2 0
bv. trifolii ANU843
5 12 5 0
10 16 6 0
20 18 11 0
30 25 11 1
50 25 15 0
LCOs of strain ANU843 3 13 3 0
5 15 13 0
20 19 12 0
60 8 7 0
ANU277(nodC::Tn5) 5 10 0 0
24 14 0 0
ANU845(pSynm) 5 10 0 1
24 11 0 0
Snorhizobium meliloti 5 10 2 0
ANU1080 = Rm 1021
24 15 1 0
Bradyr hizobium japonicum 5 12 5 0
USDA110
Fig. 1. Expression of CHS3:gusA in transgenic white clover roots during . . 24 13 2 1
R. leguminosarum bv. vi- 5 11 4 0

the first 4 days of nodule initiation. A, Spot-inoculated root 30 h post ;

inoculation (p.i.). CHS3:gusA expression is induced at the inoculation ciae ANU300 o 1

site, marked with a bead, between 3 and 40 h p.i. with strain ANUS43. Eccherichia coli G600 . 1g 8
B, A transverse section at the inoculation site of the root shown in A on 15 0
shows that CHS3: gusA expression occurs mainly in inner cortex cells (p

[eNeoNe]

= pericycle, e = endodermis, ¢ = cortex). C, A nodule primordium 4 days
after inoculation shows CHS3:gusA expression in some cells of the pri-
mordium and mainly in the cortex cells in front of the primordium that
have not yet divided (arrows). Bars= (A) 500 pm; (B) 50 pm;(C) 25 pm.

a Equal numbers of control and treated roots were examined.

b Number of inoculated (Inoc.) or control roots in which a positive re-
sponse occurred (local CHS3:gusA expression at site of inoculation as
shown in Figure 1A) out of total number of inoculated roots.

>

Fig. 2. Intracellular fluorescence in fresh root sections at the inoculatiorsiteSections of white clover roots. J, Pearoot. K, Siratro root. A, C, D, E,
G, H, and J, Sections incubated with diphenylboric acid-2-aminoethyl ester (DPBA). I, Section incubated in NH,OH. Roots were spot inoculated with
strain ANU843 unless stated otherwise. A, 5 h post inoculation (p.i.). Orange fluorescing cortex cells (arrows) occur in inoculated or uninoculated roots.
B, Mature region of a control root contains occasional autofluorescing cortex cells (arrows) in front of xylem poles. Some pericyde cells (p) also fluo-
resce. C, 24 h p.i. Orange fluorescing inner cortex cells appear between and in front of two xylem poles. A single outer cortex cell aso fluoresces
(arrow). D, 40 h p.i. Orange fluorescing undivided inner cortex cellsjust prior to beginning of cell division. One cell has just divided (arrow). E, 72 h p.i.
Area of orange fluorescing cortex cells spans half the root circumference. Several inner cortex cells have divided (arrows). Both the divided and some
undivided cells in front of the divided cells show orange fluorescence. Nuclei of cells undergoing division are enlarged and fl uoresce. Some pericycle
cells (p) aso fluoresce. F, 96 h p.i. Cells of a young nodule primordium fluoresce blue (arrow head); undivided outer cortex cells in front of the pri-
mordium fluoresce orange (arrow). This section was counter-stained with toluidine blue so that cell walls appear blue. G, 120 h p.i. Primordium extends
toward outer cortex. Outer cortex cells retain orange fluorescence after their division (arrow). H, 24 h p.i. with lipo-chitin oligosaccharides (LCOs) of
strain ANUB843. Orange fluorescence occurs in several inner cortex cells. I, 24 h p.i. with Sinorhizobium meliloti. Orange fluorescence occurs in outer
cortex cells only. J, Pearoot section 120 h p.i. Underlying the (fluorescing) inoculation bead (b) on the root surface, inner cortex cells fluorescence yel-
low. Some cells have just divided (between arrows). K, Siratro root section 48 h p.i. showing blue fluorescence in outer cortex cells underlying inocula-
tion bead (b). Bars= (A and C) 100 um; B, E, H, I, J, andK) 50 pm; D, F, andG) 30 pm.

1224 / Molecular Plant-Microbe Interactions



vonoid-specific reagent diphenylboric acid-2-aminoethyl ester
(DPBA; Pietrzak and Collins 1996) or after treatment with
NH4OH, which can shift the fluorescent properties of fla-
vonoids (Schnabl et a. 1986).

We also looked for flavonoid induction during the interac-
tion of white clover with purified LCOs or a range of non-
nodulating mutant and clover-incompatible rhizobia. Several
other legumes were also investigated to find out if flavonoid
induction during earliest stages of nodulation is a general
phenomenon.

RESULTS

Rapid expression of CHS occursin responseto
Rhizobium leguminosarum bv. trifolii inoculation in inner
cortical cells of white clover.

Inoculated transgenic white clover plants containing the
CHS3:gusA were examined. Mock-inoculated control roots
expressed CHS3:gusA only in theroot tip and emerging lateral
roots (data not presented). Plants spot inoculated at the zone
of emerging root hairs with the Rhizobium leguminosarum bv.
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trifolii strain ANU843 (which led to a >90% probability of
nodule formation at the marked site) expressed CHS3:gusA in
the inner cortex cells underlying the site of inoculation from 3
until 50 h post inoculation (p.i.) (Fig. 1A and B, Table 1). The
young nodule primordium also expressed CHS3:gusA in some
of the dividing cells, but expression was mainly seen in the
undivided outer cortex cells adjacent to the divided cells (Fig.
1C). CHS3:gusA expression was largely absent in mature
nodules (data not presented).

Intracellular fluorescence occursin cellsthat participate
in nodule organogenesisin white clover.

When sections of fresh tissue made at different stages of
nodule initiation were examined for autofluorescence, several
randomly distributed cortex cells close to the site of either in-
oculation or mock-inoculation contained blue intracellular
autofluorescence at 0 and 5 h p.i. at the site of inoculation.
This fluorescence shifted to an orange color after DPBA
treatment and will subsequently be referred to as “orange fluo-

scribed above. To identify the compounds responsible for the
typical fluorescence observed, we extracted the total roots and
purified each fluorescent compound by high-pressure liquid
chromatography (HPLC). We found seven fluorescent com-
pounds. Fluorescence emission spectra of each of the com-
pounds were obtained and compared with the spectra obtained
in situ from individual cells. Spectra of fluorescing com-
pounds are subject to the conditions in the cell (e.g., pH) and
may be difficult to compare with spectra of compounds dis-
solved in water alone. Therefore, we recorded spectra under
three different conditions: first as autofluorescence; second
after addition of DPBA to untreated sections or the dissolved
compounds; and third after addition of MPH to untreated
sections or the dissolved compounds.

We found two distinct types of spectra in the cell contents
of cortex cells at different stages of development. The first
type of spectrum was characterized by blue autofluorescence
(maximum emission (k) = 450 nm; Fig. 3A). After treat-
ment with DPBA, the blue autofluorescence was shifted to

rescence” (Fig. 2A). In control roots between 10 and 120 h orange fluorescence with,& at 460 and 520 nm (Fig. 3B),
p.i., most mature cortex cells did not fluoresce, except thatand after separate treatment with JQH, it was shifted to a
occasionally some cortex cells in front of the xylem poles and fluorescence with a single, & at 520 nm (Fig. 3C). This
in the outer cortex had blue autofluorescence (Fig. 2B). In spectrum was recorded from the cell contents of fluorescing
contrast, in roots inoculated with strain ANU843, the number cells in the inner cortex at 24 h p.i. that had not yet divided
of fluorescing cortex cells increased from 13 h p.i. until about (orange fluorescing cells shown in Figure 2C) (Fig. 3). This
40 h p.i., visible as distinct groups of orange fluorescing inner spectrum was also recorded from the cell contents of fluo-
cortex cells underlying the site of inoculation (Fig. 2C). These rescing inner cortex cells at 70 h p.i. that had just divided or
groups of orange fluorescing cortex cells occurred between,were adjacent to just divided cells (orange cells shown in Fig-
and in front of, xylem poles. ure 2D and E) and from cortex cells of control and inoculated
Cells from within the groups of orange fluorescing inner roots just behind the root tip (orange cells shown in Figure
cortex cells began to divide around 40 h p.i., suggesting that2A). The spectra of one of the purified compounds, named
the orange fluorescence found between 13 and 40 h p.i. occurscompound 3,” matched the spectra of the cell contents of in-
in the progenitor cells of a nodule primordium. All the newly ner cortex cells in the absence (Fig. 3A) or presence of either
divided cells retained the orange fluorescence seen in inneDPBA (Fig. 3B) or NHOH (Fig. 3C). Compound 3 was water
cortex cells before cell division (Fig. 2D). Between 40 and 50 soluble (Fig. 4A), and after hydrolysis of the compound in
h p.i., the area containing orange fluorescing cortex cells wid- acid we determined that the hydrolysis product (Fig. 4B) was
ened, comprising more and more divided cells that spanned7,4-dihydroxyflavone (DHF). The identity of DHF was de-
half of the circumference of the root (Fig. 2E). Half of the 25 termined by co-chromatography with commercial standards.
nodule primordia examined spanned at least half the circum-In addition, both retention time (Fig. 4C) and absorbance
ference of the root, again suggesting that the enlarged area aépectra of DHF and the hydrolysis product of compound 3
orange fluorescing cortex cells seen between 40 and 50 h p.iwere identical (Fig. 4E). The absorbance spectrum of com-
matched the location of the future nodule primordium. Of the pound 3 was slightly different from that of the absorbance
remaining primordia examined, two thirds occurred in front of spectrum of the aglycone (Fig. 4D). Therefore, we conclude
a xylem pole and one third between two xylem poles. that the orange fluorescence that is made in inner cortex cells
After the formation of a small nodule primordium (between during the initiation of a nodule primordium and in cortex
50 and 70 h p.i.), we observed that the divided cells of the pri-cells just behind the root tip is due to the presence of a deriva-
mordium contained a blue autofluorescence that remained bludive of DHF in the vacuoles of these cortex cells.
after DPBA treatment. These centrally located cells were sur- The second type of spectrum (Fig. 5) was recorded from the
rounded by orange fluorescing cells that had just divided or cell contents of blue fluorescing cells in young nodule primor-
were about to be “recruited” into the growing nodule (Fig. 2F). dia between 70 and 120 h p.i. (as shown in Figure 2F and G).
These peripheral orange fluorescing cells divided (around 120 hThe autofluorescence showed ap,Eat 460 nm (Fig. 5A).
p.i.), retaining their orange fluorescence just after division (Fig. After incubation in DPBA, most cells showed a major peak at
2G). Orange fluorescence was also detected in outer cortex celld60 nm and a minor peak at 500 to 510 nm (Fig. 5B), but tran-
harboring infection threads (data not presented). Orange fluo-sitions between the spectrum shown in Figures 3B and 5B,
rescence was retained in cells plasmolyzed in sucrose soluwith variable ratios of the peaks at 460 and 510 nm, were pre-
tion, suggesting its location is in the vacuoles of these cells. sent in primordia at different stages. After treatment with
NH,OH the E. was at 460 nm (Fig. 5C). These spectra
Different flavonoids occur in cortical cells matched those obtained from another compound purified from
at distinct developmental stages. extracts of control roots and from roots bearing small nodule
Fluorescence emission spectra of cell contents were ob-primordia under all three conditions (Fig. 5A—C). The second
tained in situ from the individual fluorescing cortex cells de- compound was identified as the isoflavonoid formononetin by
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co-chromatography with commercia standards. Both the re- CHS3:gusA expression was induced within 3 h of inoculation

tention time and absorbance spectra of the purified compound with LCOs, and local CHS3:gusA expression was visible until
and commercially available formononetin were identical (data 60 h p.i. (Table 1). The CHS3:gusA expression was aways
not presented). located in the inner cortex directly underlying the site of in-
R. leguminosarum bv. trifolii LCOsinduce CHS3:gusA
expression and fluorescencein clover inner cortex cells. mAU ] A
To find out whether the induction of flavonoids in clover is 1000
specific to the nodulation process, we spot inoculated LCOs 800 ]
isolated from strain ANU843 onto transgenic roots. The cod |
400 7 J]‘
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Fig. 4. High-pressure liquid chromatography (HPLC) and spectral
Fig. 3. Comparisons of fluorescence emission spectra recorded from analysis of compound &, HPLC chromatogram of compound 3 before
fluorescent contents of inner cortex cells of white clover roots 24 h post hydrolysis. The compound is eluted in wairHPLC chromatogram of

inoculation (p.i.) with strain ANU843 (“cell”) with spectra recorded of a hydrolysis product of compound 3. The major product is eluted in 50%
water-soluble compound (“compound 3") extracted from white clover acetonitrile. Some minor reaction products also appeared in the product.
roots. Fluorescence emission is measured in arbitary Anifsutofluo- C, HPLC chromatogram of 74lihydroxyflavone (DHF; major peak).
rescence spectrd, Spectra recorded after addition of diphenylboric The little peak was an impurity of the commercially available DBiF.
acid-2-aminoethyl ester (DPBA) to either untreated root sections or to Absorbance spectrum of compoundE3.Absorbance spectrum of the
dissolved compound &, Spectra recorded after addition of }®H to hydrolysis product of compound 3 (unbroken line) compared with ab-
either untreated sections or the dissolved compound 3. sorbance spectrum of DHF (dashed line).
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oculation, consistent with the location of gusA expression
following inoculation with strain ANU843 (similar to Figure
1A and B). Similarly, DPBA-enhanced orange fluorescence
was induced in the inner cortex by the addition of the LCOs to
white clover within 24 h p.i. (Fig. 2H). The spectra of the
fluorescing compounds induced in inner cortex cells after
LCO inoculation were similar to the spectra of compounds
induced by ANU843. Even though single-spot inoculations of

divisions in the inner cortex. LCO inoculation only led to cell
divisions in the inner cortex after repeated inoculation (four
times) over 2 days at the same site. Past the 48 h timepoint,
orange fluorescence was only sustained in inner cortex cells un-
dergoing division when LCOs were repeatedly spot inocul ated.

Non-nodulating bacteria fail to induce nodule-specific
fluorescence patterns and CHS3:gusA expression

in clover inner cortex cells.

To determine whether the induction of fluorescence and
CHS3:gusA observed during the stages preceding nodule ini-
tiation was a specific response of the plant to a nodulation-
proficient Rhizobium strain, we inoculated several mutant or

LCOs did induce CHS3:gusA expression and accumulation of
orange fluorescence in the inner cortex, it did not lead to cell

900 - e i heterologous rhizobia onto white clover roots. Nod™ mutants
800 - ormononetin of strain ANU843 that are unable to make LCOs, strains
700 - Cell ANU277(nodC::Tn5) and strain ANU845 (a Sym-plasmid

deleted strain) (McKay and Djordjevic 1993), failed to induce
both CHS3: gusA expression and accumulation of fluorescence
in inner cortex cells underlying the inoculation site (Table 1).
Heterologous rhizobia (Snorhizobium meliloti, R. legumi-
nosarum bv. viciae, and Bradyrhizobium japonicum) induced
CHS3:gusA expression at lower rates than ANU843 (Table 1).
All three non-homologous wild-type strains induced some or-
ange fluorescence in outer cortex cells (Fig. 2I), but not in in-
ner cortex cells. No induction of CHS3:gusA or induction of
fluorescence was observed after spot inoculation of Es
cherichia coli (Table 1).

We then compared the increase in the number of fluorescing
inner and outer cortex cells 24 h after spot inoculation of the
different bacterial strains and LCOs in a 1-mm segment at the
site of inoculation, using analysis of variance. There was a
significant (P < 0.05) increase in the number of fluorescent
inner cortex cells only after inoculation of the nodulating R.
leguminosarum bv. trifolii and LCOs purified from that strain,
but not after inoculation of any non-nodulating strain (Fig. 6).

Fluorescence emission >

400 450 500 550 600 650 700

35 -
700 30 1

Fluorescence emission W

400 450 500 550 600 650
Isd = 9.07

Number of cells

24 o N
o oo o o O,
] 1 1 1 1 I

E. coli

Yo,

ey,
B

W

R.l. bv.
viciae

Control
ANUB43
LCOs
ANU845
S. meliloti

T T

400 450 500 550 600 650 700
Wavelength (nm)

Fluorescence emission O
B.
japonicum

Inoculum

Fig. 6. The number of fluorescent inner cortex cells at the inoculation
site in a root segment within 1 mm of the inoculation site. Spot-
fluorescent contents of nodule primordium cells of white clover 70 h inoculated white clover roots were sectioned 24 h post inoculation (p.i.).
post inoculation (p.i.) with strain ANU843 (“cell”) with spectra recorded For each inoculum the fluorescent cortex cells in 10 sections of 120 pm
from formononetin. Fluorescence emission is measured in arbitary units.thickness each were counted and 5 roots analyzed. Analysis of variance
A, Autofluorescence spectrd3, Spectra recorded after addition of  showed a significant increas € 0.05) in the number of fluorescent
diphenylboric acid-2-aminoethyl ester (DPBA) to either untreated root inner cortex cells induced by strain ANU843 and lipo-chitin oligosac-
sections or dissolved formononet, Spectra recorded after addition of  charides (LCOs) of strain ANU843. The “Isd” bar represents the least
NH4OH to either untreated sections or dissolved formononetin. significant difference between any two inocula.

Fig. 5. Comparisons of fluorescence emission spectra recorded from
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We found no significant (P > 0.05) effect of any inoculum on
the number of fluorescent outer cortex cells.

Intracellular fluorescencein nodule progenitor cells
isa common feature of legumes.

To determine if the occurrence of fluorescent flavonoids in
cells participating in nodule formation was a feature unique to
white clovers, we examined nodule ontogeny in severa other
legumes, including pea and afalfa (indeterminate nodul ation)
and siratro and soybean (determinate nodulation). In pea and
afalfa, intracellular fluorescence was induced in groups of
inner cortex cells underlying the inoculation bead (Fig. 2J)
before and during cell division (from 24 until 120 h p.i.).
Fluorescence was subsequently also seen in divided inner
cortex cells and, in pea, in outer cortex cells harboring the in-
fection thread(s). In siratro, autofluorescence was induced in
outer cortex cells underlying the site of inoculation (Fig. 2K)
and in cells that subsequently divided to form the nodule pri-
mordium. In soybeans, extensive background autofluores-
cence occurred in most cortex cells of uninoculated and in-
oculated roots, which made it difficult to see possible changes
in the inoculated roots. However, blue fluorescence was seen
in young soybean nodules. The identity of fluorescent com-
pounds in these species is likely to be different from those
found in white clover and will require further studies.

DISCUSSION

The activation of the flavonoid pathway is one
of the earliest responses to nodulation-competent rhizobia.
Our results show that induction of the flavonoid pathway
and the accumulation of compounds with specific flavonoid-
like properties in different cell types are very early responses
of clover roots to the application of nodulation-competent rhi-
zobia or clover-specific LCOs. The activation of CHS3:gusA
was site specific, occurring in the inner cortex cells underly-
ing the inoculation site. The CHS3:gusA induction can be de-
tected within 3 h, indicating a very rapid signa transduction
from the root surface to the inner cortex cells. The results of
Savouré et al. (1997), who show€H S induction within 30
min after inoculation oMedicago sativa roots with LCOs, are
consistent with our findings. The activation @HS3:gusA in

sitive to the application of DPBA and NBH, suggesting that

it is a flavonoid. Its location in the vacuoles suggests that the
compound is a glycoside, because glycosides, in particular of
flavonoids, are generally stored in plant vacuoles (Stafford
1990). A water-soluble compound was isolated from root ex-
tracts of inoculated and control roots that had fluorescence
emission spectra nearly identical to those of the fluorescent
vacuole contents. This compound was shown to be a deriva-
tive of DHF (Fig. 4). DHF and DHF glycosides have been
isolated from clover roots and root extracts (Redmond et al.
1986 and references therein) but we have determined for the
first time their cellular location. The DHF derivative was also
found in control roots behind the root tip, but its synthesis ap-
peared to be re-initiated in mature cortex cells underlying the
inoculation site specifically by clover-specific rhizoboa
their LCOs.

Flavonoids are markersfor cellular ontogeny
and possible positional signals.

The orange fluorescing inner cortex cells were highly likely
to be the progenitor cells of a nodule primordium because they
occurred at the site where a nodule primordium arose with a
>90% probability and they could be seen as a group of fluo-
rescent cells surrounding the dividing cells (Fig. 2D and E).
Therefore, it is possible that the specific location of the DHF
derivative in inner cortex cells may be a positional signal in
the newly dividing and redifferentiating cells. If the fluoresc-
ing compounds induced in the nodule progenitor cells of other
legumes (pea, alfalfa, and siratro) are also flavonoids this
would add weight to the hypothesis that flavonoid induction
may be a general positional signal. At present, the fluorescent
compounds in the nodule progenitor cells are at least a useful
marker for nodule ontogeny. We are currently investigating
whether flavonoid induction is a necessary requirement for
nodulation by examining the development of fluorescence ac-
cumulation in nodulation-defective plant mutants.

Distinct types of fluorescence emission spectra were seen in
the cells participating in nodule formation that marked either
cortex cells before division or the nodule primordium cells
(Figs. 3 and 5). The fluorescence spectra of cell contents of
inner cortex cells before and just after division were similar,
suggesting that inner cortex cells initially retained the DHF

precisely the cells underlying the inoculation site from 3 h p.i. derivative after cell division. The orange fluorescence gradu-
on until their division shows that the cells that eventually di- ally disappeared in cells constituting the core of the nodule
vide receive a trigger from rhizobia long before division. primordium, suggesting breakdown of the DHF derivative to a
Whether induction of the flavonoid pathway is a necessary nonfluorescing product, or release of the DHF derivative from
secondary signal for cell division in the inner cortex will have the vacuoles, or its conversion to another compound. Consis-
to be investigated. The fact that non-nodulating rhizobia weretent with this observation, during formation of the pri-
unable to induce the pathway strengthens the arguments for amordium, the cells started to accumulate the isoflavonoid
involvement of flavonoids in the signal transduction pathway formononetin (Fig. 5), which has previously been found in
leading to nodule initiation. Even if necessary, the induction white clover roots but had not been localized to particular cell
of the flavonoid pathway in the inner cortex alone is not suffi- types (Redmond et al. 1986). Cells on the periphery of the
cient for cell division in those cells, because single inocula- nodule primordium that are likely to be “recruited” into the
tions with LCOs induce€€HS3:gusA expression and fluores- nodule (Libbenga and Harkes 1973) were characterized by
cent product accumulation in the inner cortex, but no cell orange fluorescence with a spectrum slightly different from
divisions were observed unless further LCOs were applied.  that recorded from the presumed nodule progenitor cells in the
inner cortex. It is possible that the outer cortex cells contained

Evidence that theinduced orange fluorescent product
isaflavonoid.

a mixture of the DHF derivative and other fluorescing sub-
stance(s) not yet identified. Collectively, our results suggest

The fluorescence emission spectrum of the compound thatthat a tight regulation of flavonoid pathway induction occurs

accumulates after the rapid induction@H S3:gusA was sen-

during nodule initiation, marking cells of different develop-
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mental stages with different end products. The accumulation of
fluorescent products in the outer cortical cells of clover inocu-
lated with foreign rhizobia appears to be a nonspecific response.

Possiblerolesfor intracellular flavonoids
during nodule initiation.

A well-known function of flavonoids that are exuded from
legume roots is the activation of the nodulation (nod) genes of
Rhizobium (Redmond et a. 1986). One major nod gene acti-
vator exuded from white clover roots is DHF (Djordjevic et .
1987; Redmond et al. 1986). It has aso been shown that fla-
vonoids are exuded from cells just behind the root tip and that
flavonoid production is developmentally regulated during
plant growth (Djordjevic et a. 1997; Zuanazzi et a. 1998).
Consistent with this, we found the DHF derivative in control
and inoculated roots in specific cells just behind the root tip. It
isalso likely that the accumulation of that DHF derivative be-
hind the root tip and the site of inoculation is accompanied by
the release of the aglycone, DHF, because small amounts of
DHF were detected in root extracts (data not presented). It is
possible that this free DHF is made concurrently with the
DHF derivative or as breskdown product after the DHF de-
rivative accumulates in the vacuole. In subterranean clover,
DHF exudation has been detected as a response to infection
by R. leguminosarum bv. trifolii (Lawson et a. 1996). The
exudation of DHF from inner cortex cells could create a che-
motactic gradient for rhizobia and provide a constant produc-
tion of nod gene inducers for the bacteria in the infection
thread and a sustained production of LCOs during the early
infection process (Sharma and Signer 1990). Formononetin
has been identified as an anti-inducer of R. leguminosarum bv.
trifolii nod genes in white clover (Djordjevic et a. 1987) and
could turn off nod gene expression in the vicinity of the pri-
mordium.

Because we found a high correlation of the occurrence of
the DHF derivative with cortex cells that are preparing for di-
vision or have just undergone division, it is possible that either
this DHF derivative or released DHF has a role in cell divi-
sion. It has been shown that flavonoids and flavonoid gly-
cosides can inhibit or activate IAA (indoleacetic acid) oxidase
and therefore change the turnover of auxin, a crucia phyto-
hormone for cell division and differentiation (Furuya et al.
1962; Stenlid 1963). It will have to be investigated whether
DHF glycoside or DHF has the ability to modulate auxin levels.

A changein auxin levels has been suggested to occur during
the early stages of nodulation (Mathesius et al. 1998). It has
been suggested that flavonoid aglycones could mediate
changes in auxin accumulation as a result of auxin transport
inhibition (Hirsch 1992; Mathesius et al. 1998). Our results
show that flavonoid accumulation occurs very early and is site
specific, which would be expected if flavonoids act as the
proposed auxin transport inhibitors. The fact that only nodu-
lating rhizobia or their LCOs could induce both the flavonoid
pathway in cells participating in nodule initiation (this study)
and auxin transport inhibition (Mathesius et a. 1998) is con-
sistent with the above hypothesis. Further experiments are re-
quired to investigate this possibility.

Overdl, thetight correlation of flavonoid occurrence with cell
division and differentiation shows that intracellular flavonoids
may have arole in nodule organogenesis in addition to the es-
tablished role of exuded flavonoids as nod gene inducers.
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MATERIALS AND METHODS

Rooted leaf assay.

Rooted leaves of Trifolium repens cv. Haifa were generated
following a technique by Rolfe and Mclver (1996) under
growth conditions described elsewhere (Mathesius et d.
1998). Roots of wild-type rooted leaves were used for fluores-
cence measurements, and rooted leaves of transgenic plants
for B-glucuronidase (GUS) assays.

Generation of transgenic plants.

Transformed white clover plants (T. repens cv. Haifa) were
generated with Agrobacterium tumefaciens-mediated trans-
formation (Larkin et a. 1996). In the CHS3:gusA reporter
construct, approximately 1.2 kb of sequence to the 5' side of
the initiator methionine of the T. subterraneum CHS3 gene
was fused at the initiator methionine to the E. coli gusA cod-
ing sequence, which, in turn, was linked at the 3' end to ap-
proximately 300 bp of 3'-terminator sequence from the pea
vicilin gene (Djordjevic et a. 1997). This chimeric reporter
gene was cloned into the unique EcoRI site between the T-
DNA borders of pTAB10 (Khan et al. 1994). The resulting
plasmid, pJJ403, was transferred into the A. tumefaciens strain
AGL1 (Lazo et a. 1991) for clover transformation. Transgenic
plants were selected and tested for stable expression before they
were grown in pots in the greenhouse under natural light condi-
tions at temperatures between 26°C (day) and 19°C (night). Five
CHS3:gusA first-generation transgenic lines were used to pre-
pare clonal rooted leaves for analysis of transgene expression.

Germination of seedlings.

Seeds of alfalfaMedicago sativa cv. Hunter River), siratro
(Macroptilium atropur pureum; both from J. H. Williams, seed
merchants, Murwillumbah, NSW, Australia), soybean
(Glycine max cv. Bragg; gift from D. Day, ANU), and pea
(Pisum sativum cv. Finale; gift from Muriel Sagan, INRA,
Dijon, France) were surface sterilized in 70% ethanol for 5
min, followed by 5 to 15 min of sterilization in 1% (wt/vol)
(0.5% forG. max) hypochlorite solution, and rinsed five times
with sterile, distilled water. Seedlings were germinated on
petri dishes containing Bergensen’s modified medium (Rolfe
et al. 1980) in the dark at 28°@.(max and M. atropur-
pureum), 25°C @. sativum), or 21°C M. sativa) for 2 days.
Germinated seedlings were transferred to petri dishes con-
taining nitrogen-free Jensen’'s medium (Jensen 1942) and
grown for 24 h at 21°C (16 h day) and 19°C (8 h night) in a
growth chamber at 140 PE'sn2 before spot inoculation.

Spot inoculation.

Spot inoculation was done as described in Mathesius et al.
(1998). The strains used to spot inoculate clover are listed in
Table 1. The R leguminosarum bv. viciae strain ANU300
(Djordjevic et al. 1986) was also used to inoculate pea, S
meliloti 1021 (Sharma and Signer 1990) for afafa, S meliloti
NGR234 for siratro, and B. japonicum 110 (Schmidt et a.
1994) for soybean.

I solation of LCOs.

LCOs of R. leguminosarum bv. trifolii ANU843 were iso-
lated following a modification of the method of Spaink et a.
(1995) developed in our laboratory by L. Roddam. LCOs were



suspended in 1% dimethyl sulfoxide (DMSO) and spot in- tracted as a background from emission spectra of sections

oculated at a concentration of 108 M. treated with those reagents. Every cell was scanned 64 times
over a square area of 10 x 103uwith a rectangular adjust-
Microscopy, sectioning, and histochemistry. able diaphragm, and the measurements were averaged. Emis-
Root segments consisting of 5 mm around the inoculation sion was measured every 1 nm over a range of 400 to 700 nm.
site were embedded in 3% low melting point agarose (Sigma The software used was Espectre from Leitz. For every cell
Chemicals, St. Louis, MO), sectioned transversely on a vi- type and timepoint, spectra were recorded of at least 5 differ-
bratome (Lancer Series 1000) and mounted on glass dlides in ent comparable cells of different roots. Spectra were only pre-
distilled water. Sections had the following thicknesses: 100 sented when all cells of a comparable stage showed the fea-

pm (T. repens andM. sativa), 120 um . atropurpureum and tures (emission maxima and ratio of peaks) of that spectrum.
G. max), and 140 ym K sativum). Maximum cortical cell
lengths of each species were first determined in longitudinal Flavonoid extraction and identification.
sections. The thickness of transverse sections was then set to Roots of rooted leaves were cut off the plantlets, weighed,
ensure that there were intact cells throughout the sections. Obimmediately frozen in liquid nitrogen, and finely ground. The
servation of cytoplasmic streaming in both fluorescent and powder was mixed with HPLC-grade methanol, using 2 ml of
nonfluorescent cells demonstrated that they were still living methanol for every 100 mg of fresh weight tissue. After vig-
after sectioning, confirming that the localized accumulation of orous shaking and centrifugation for 10 min at 7,000 rpm
fluorescent substances was not a result of selectively cutting(Sorvall RC-5C centrifuge, Du Pont, Wilmington, DE), the
cells of different sizes. Sections were viewed for fluorescence supernatant was removed and evaporated under a nitrogen
at 365 nm with a Olympus Vanox microscope equipped with stream, and the remaining substance redissolved in HPLC-
epifluorescence optics and a mercury arc lamp (HBO 200W). grade methanol at 100 pl per g of tissue. The root extract
The filters used were a UG-1 excitation filter, DM-400 di- components were separated on a Hewlett Packard 1090 liquid
chroic mirror, and L-420 barrier filter. For every stage of nod- chromatograph equipped with a C-18 column (Alltech All-
ule development described, a minimum of five roots were ex- tima, 250 mm x 4.6 mm) with the following solvents: A = ul-
amined. For photography, sections showing high cell wall tra-pure water (Millipore, North Ryde, Australia) containing
fluorescence were counter stained with toluidine blue (pH 4.4; 0.09% trifluoroacetic acid; B = acetonitrile containing 0.09%
O’Brien and McCully 1981) so that cell walls appeared dark. trifluoroacetic acid. The column was eluted isocratically with
Sections used for microspectrofluorometry were not stainedsolvent A for 5 min and a linear gradient of 0 to 100% B be-
with toluidine blue, so UV spectra recorded of cell contents tween 5 and 25 min at ambient temperature with a flow rate of
were not affected by this dye. Photographs were taken on Ag-1 ml/min. Eluting compounds were monitored at 275 and 300
fachrome RSX100 color slide film. nm with a diode array detector and, subsequently, fluores-
For histochemical GUS assays, roots were stained as deeence was detected at 450 nm (365 nm excitation) with an HP
scribed in Larkin et al. (1996), photographed as whole roots 1046 fluorescence detector. DHF and formononetin (Indofine
under a Nikon SMZ-10 stereo microscope, or sectioned as de-Chemicals, Belle Mead, NJ) were used as standards.
scribed above, and sections were photographed under a Nikon Eluting compounds were collected, dried down under a
Optiphot microscope with Kodak Ektachrome color slide film. nitrogen stream, and resuspended in 50 pl of water. Each sus-
pended compound was transferred to a small glass vial pro-
Flavonoid-specific reactions on root sections. tected from light and placed under the microspectrofluorome-
Fresh sections were incubated either with diphenylboric ter to record the emission spectrum.
acid-2-aminoethyl ester (DPBA; Sigma), as described in Compounds were hydrolyzed in boiling 6% HCI for 1 h.
Djordjevic et al. (1997) or with 0.5% NBH (Schnabl et al. The aglycone was extracted by shaking the sample with di-
1986) for 5 min before viewing for fluorescence or before mi- ethyl ether, then evaporating under nitrogen gas. The aglycone
crospectrofluorometry. was resuspended in methanol and analyzed by HPLC under
the above conditions.
Microspectrofluorometry.
Fresh vibratome sections of rooted leaves of white clover Statistical analysis.
plants were mounted in distilled water on quartz microscope One way analysis of variance was done with Microsoft Ex-
slides under quartz cover slips (Ted Pella, Inc., Redding, CA).cel 5.0.
Scanning of cell wall fluorescence was largely avoided, but
could not be completely excluded in the measurements of liveACKNOWLEDGMENTS
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