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Scope of the journal
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Revised ipts are required li only and
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Condmansfar publication

length papers: Only contrib will be pted
whlch have not been published previously, even as sum-
mary. Since space is limited in BOTANICA ACTA, full length
papers should aim at not exceeding eight printed pages, in-
cluding abstract, references, tables and figures.
Rapid communications should present important new
findings with high urgency for publication. They must not
be of a preliminary nature. They are limited to two printed
pages including abstract, references, tables and figures.
Concise review articles are highly desirable for this jour-
nal. They are usually written on request. However, if an au-
thor wishes to submit a review article, he should consult the
Editor-in-Chief prior to finalizing the article. Review arti-
cles should not exceed eight printed pages, including refer-
ences, tables and figures.

ica Acuta contrit should contain brief com-
ments on an actual problem.
Rules for space needed
One printed page in the journal usually has
— normal size letters

2 columns, 64 lines each with 50 characters per line
— petit (e.g. for methodology)

2 columns, 71 lines each with 60 characters per line
— references

50 references usually fill one printed page.

Arrangement

Full length papers

Title page: The first page of each paper should indicate:
The title (main title underlined), the author’s names and af-
filiations, a short title for use as running head, the name
and address of the corresponding author, and 3 to 7 key
words in English.

Abbreviations: List with abbreviations where appropriate.

Abstract. Papers in English: Abstract must not exceed 200
words. Papers in German: In addition to the short German
Zusammenfassung, a comprehensive English abstract of
200 to 500 words, headed by an English translation of the
title, is required.

The following sections cover the usual contents: Introduc-
tion, Materials and Methods, Results, Discussion, Acknowl-

edgements, References (see below), Tables (see below), Fig-
ure legends (see below), lllustrations (see below).

In Materials and Methods, Results and Discussion subhead-

ings are possible. Ifit is chosen to combine sections Results
and Discussion, an additional section Conclusions can be
added, but this must be brief.

Rapid communications

Title page and Key words as for full lengthpapers. For com-
munications written in German give an English abstract
only. Follow the flow of reasonms as in Introduction — Ma-

terials and Methods — Results — ion, leaving out the
headings.
Concise review articles

Choose subheadings as appropriate and use a decimal
numbering system, but do not use more than 3 decimals.
Title page, Key words and other items as for full length
papers.

Tables X

Each table should be typed on a separate sheet, numbered
with arabic numerals and accompanied by a short instruc-
tive title line plus an explanatory caption at the top. Indicate
footnotes within tables by superscript small letters, and
type footnotes below the table. Each table must be referred
to in the text.

Figures

Line drawings can either be submitted as original draw-
ings ready for print or as clean and sharply contrasting,
high-gloss black and-white photographs.

note that in all cases full titles and first and last page num-

ber are required.

Articles in Journals with one, two or more authors:

Liittge, U. — Instructions for authors. Botanica Acta 101
(1988), 48-52.

Liittge, U. and Schnepf, E. — Instructions for authors.
Botanica Acta 101 (1988), 48—52.

Liittge, U., Schnepf, E., and Nultsch, W. — Instructions
for authors. Botanica Acta 101 (1988), 48—52.

Articles in multiauthor books:

Liittge, U. and Schnepf, E. - Instructions for authors.
In: W. Nultsch, ed., How to write a manuscript,
pp. 48—52. Thieme Verlag, Stuttgart - New York,
1988.

Books:

Liittge, U. and Schnepf, E. — How to write a manuscript.
48-52 p. Thieme Verlag, Stuttgart - New York, 1988.

Units
BOTANICA ACTA will follow the system of Sl units (Systéme
International d'Unitées).

Ph and hs should be sharp, well
traswd glossy prints, trimmed precisely at right angles and
labelled with printed characters (letters and symbols). If
the final lettering is to be done by the Pubhsher. the author
should provide, on overlays,

to the photographs, a clear guide as to where he wants let-
ters, symbols etc. The end points of arrows or lines, the pre-
cise positions of which are important, should be clearly in-
dicated finely pointed lines on the overlay. Before repro-
duction, the lettered illustrations will be submitted to the
authors for approval.

Each ﬁgure must be numbered with Arabic numerals and
referred to in the text. Each figure must be accompanied by
alegend which should have a short instructive title line pIus
explanatory text as needed. Legends are typed

Basic units are as follows

length: meter m

mass: kilogram kg

time: second s

Other SI units are

energy: Joule J

pressure: Pascal Pa

radioactivity: Becquerel Bq

Use the following prefixes to names of units

giga (109 G micro (10°%) n
mega (108 M nano(10~%) n
kilo (10%) k pico(107'3) P
milli (107%) m femto (10719 f

Usage

Time: Note, that for indicating longer periods of time in-
stead of prefixes with the ST unit s the following units should
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minute min

hour h

day d

year aoryr

Ce ation: In SI units ations are mmol m™3,

on separate sheets of the manuscript. The figures with their
legends should be comprehensible without reference to the

The illustrations are appropriately reduced or enlarged by
the publishers to suit the measures of the journal. Legends
in the original figures must be sufficiently large to remain
legible even after reduction.

The widths for illustrations are: Width of column = 85 mm.
Width of page = 175 mm.

Colour ill can be p y and re-
commended by the editor and if the author ma'kes acon-
tribution to the printing costs. This contribution amounts to

blished if

mol m~3, kmol m-3. BOTANICA ACTA also accepts how-
ever: M, mM, M, etc. Note that pmol, mmol, mol ... are
amounts, whereas uM, mM, M ... are concentrations.
Pressure: bar is accepted in addition to Pa but avoid atm.
Ezxponentials of length:

area: cm? is accepted (but not dm?)

volume: cm? (cubic centimeter), 1 (liter), ml (milliliter), pl
(microliter) are accepted.

Light intensities: Use mol photons per unit of area per unit
of time for the fluence rate of radiation whenever possible,

at present DM 280, per plate, plus VAT. Itis
to mount separate figures as plate.

References

Text

References should be quoted in the text as follows:

- one author:
“... regulations as described by Liittge (1988).”
“...as given in the published regulations (Liittge,
1988)."

— two authors:
“... regulations as described by Liittge and Schnepf
(1988) "

. as given in the published regulations (Liittge and

Schnepf 1988).”

— three or more authors:
Use name of first author with: et al.

Two or more referencesi in  parentheses should be arranged

g to year of p or in alphab 1 order,
but consnstently throughout your paper.
List of references

References should be given at the end of the paper in strict
alphabetic order, i.e. first by name of the first author then
by name of the second author if the first author is id

e.g.

wmol ph m~2s7" or uE m~2s7!. 14E = 1 microeinstein =

1pmol photons.

Watts per area (Wm™?) is also aoceptable But avoiu iux
ible and if ble only use it h

witha descnpnon including trade name of the lamps.
Within a given paper units chosen must be uniform.

Abbreviations

Note that current abbreviations can be used without expla-
nation. Others must be explained. In case of doubt always
give an explanation.

Use FW = fresh weight and DW = dry weight.

Scientific names

Scientific names should be cited in their complete form
when first mentioned with genus — species — authority —
cultivar (cv.) or subspecies (ssp.) where appropriate. Latin
names should be underlined or typed in italics. Subse-
quently the generic names should be abbreviated, but
avoid confusion; e.g. use A. comosus ifthe only genus witha
firstletter A in your paper is Ananas; but use unambiguous
abbreviations if you have more than one genus with the
same first letter, e.g. Ananas comosus, Aechmea nudicau-
lis = An. Ae. nudicaulis, etc. Common names of

for more references, then by name of the third author if the
first two authors are identical, and so on. Order should be
by year of publication if all authors and their sequence are
identical for more references. If the first author and the
year of publication are the same for more references, small
letters behind the year must be used both in quotations in
the text and in the list of references to allow unambiguous
allocation of each reference.

Punctuation, number and sequence of items required for
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organisms, ifused, must be accompanied by the correct sci-
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Abstract Key words

The amount of the phytoalexin glyceollin I Flavonoids, nodule initiation, Glycine max,
in root exudate and root hairs of individual seedlings of  Bradyrhizobium japonicum, Phytophthora megasperma
Glycine max (L. Merr. cv. Preston) was analysed usinga  f. sp. glycinea, root exudate, root hairs.
radioimmunoassay. Bradyrhizobium japonicum 110spc4,

which is able to form nitrogen fixing nodules with this Abbreviations and Symbols

plant, caused an increase of up to 50-fold in glyceollin I

levels in root exudate relative to uninfected control APEP: (R)-(1-amino-2-phenylethyl)phosphonic
seedlings. Maximum glyceollin I levels were reached acid

within 10 h of incubation. Elevated glyceollin I levels were  cfu: colony forming units

also observed after incubation of soybean roots in sterile =~ CHS: chalcone synthase

bacterial supernatant, a suspension of autoclaved MES: 5mM morpholinethanesulfonic acid,
bacteria or the supernatant from broken cells of Brady- 1mM CaCl,, pH 6.2

rhizobium japonicum. Increased glyceollin I productionis  PAL: phenylalanine-ammonia-lyase

not due to the process of active root hair penetration by  rtm: root tip mark

the microsymbiont since living bacterial cells are not XMM: xylose minimal medium

necessary for the induction. The observed glyceollin I
production in response to Bradyrhizobium japonicum is
several times lower than that after pathogenic infection.
Infection with zoospores of the phytopathogenic
oomycete, Phytophthora megasperma f. sp. glycinea race
1, leads within 20h to an accumulation of 7nmol
glyceollin I/seedling in the root exudate of the compatible
cultivar Kenwood and 48 nmol glyceollin I/seedlings in
that of the incompatible cultivar Maple Arrow. These re-
sults support the idea that phytoalexins are implicated in
determination of compatibility in pathogenic interactions.
Crude cell extracts of different symbiotic bacteria
(Bradyrhizobium japonicum 110spc4, Rhizobium meliloti
2011, Rhizobium leguminosarum PRE 8, Sinorhizobium
fredii HH 103) were found to induce different amounts of
glyceollin I in the root exudate. The observed glyceollin I
levels could not be correlated with the ability of these
rhizobial strains to nodulate Glycine max. Inhibition of
flavonoid and phytoalexin synthesis by (R)-(1-amino-2-
phenylethyl)phosphonic acid (APEP), a specific inhibitor
of the phenylalanine-ammonia-lyase (PAL), during the
first 20h of the symbiotic interaction dramatically de-
creased the number of nodules formed in root regions
that had been in contact with the inhibitor. This effect
was observed at concentrations that inhibited neither
bacterial nor plant growth. The implications of these
findings for the process of nodule initation are discussed.
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Introduction

The symbiosis between the soybean
Glycine max and the Gram-negative soil bacterium Brady-
rhizobium japonicum (110spc4) results in the formation of
root nodules in which the bacteria actively fix atmospheric
nitrogen. It is well established that the early stages of the
rhizobia-legume interaction can be subdivided into two
fundamentally different physiological processes (Long,
1989): on the one hand, rhizobia infect root hairs and
thereby resemble plant pathogens invading host tissues
(Djordjevic et al., 1987). On the other hand, rhizobia in-
duce changes in the developmental program of root cells so
that they become meristematic (Rolfe and Gresshoff, 1988).

One group of secondary plant products, the
flavonoids, has been implicated both in plant defense re-
actions as well as in plant developmental processes. The
isoflavonoid glyceollin I is an antibiotic phytoalexin found
in Glycine max. Phytoalexins are considered to play an im-
portant role in pathogenic interactions as an early plant de-
fense response (Hahn et al., 1985; Ebel and Grisebach,
1988). A well investigated plant-pathogen system is root
and stem rot of soybean caused by Phytophthora mega-
sperma f£.sp. glycinea. Two lines of evidence indicate that
glyceollin I is an important early defensive barrier erected
by the plant against the invading pathogen and involved in
determination of cultivar/race specific compatibility.
Firstly, a detailed analysis of the distribution of fungal hy-
phae in plant tissue and the spatial and temporal pattern of
glyceollin I accumulation was performed by Hahn et al.
(1985). They found that limitation of fungal growth in the
incompatible interaction is correlated with a rapid
accumulation of glyceollin I at the infection site. Secondly,
treatments that reduce the amount of phytoalexin present
in resistant plants cause a corresponding increase in
sensitivity to pathogens. For example, Waldmiiller and
Grisebach (1987) found that inhibition of glyceollin produc-
tion with the PAL inhibitor APEP enables a normally in-
compatible race of Phytophthora megasperma f.sp.
glycinea to infect soybean roots. By using indirect im-
munofluorescence of hyphae in cryotome cross-sections of
roots, they could show that the growth pattern of the in-
compatible race 1 of Phytophthora megasperma f.sp.
glycinea changed to that of the compatible race 3 under
conditions where APEP caused loss of resistance against
Phytophthora megasperma £.sp. glycinea race 1.

In contrast to their well documented
function in plant defense, less attention has been paid to
another aspect of flavonoid physiology, namely their
possible role in plant development. Flavonoids can
function as modulators of polar auxin transport (Jacobs
and Rubery, 1988). The isoflavonoid glyceollin acts at low
concentrations synergistically with auxin to stimulate
adventitious root formation on mung bean (Yoshikawa et
al., 1986). Root primordia formation is also stimulated.
Therefore, glyceollin appears to enhance early processes of
root initiation rather than simply promoting development
of already existing primordia. It is tempting to speculate
that the induction of root formation by glyceollin is due to
the ability of flavonoids to influence lateral auxin transport.
Recently, Hirsch et al. (1990) found that certain flavonoids
elicit the formation of nodule-like structures on alfalfa

roots, an effect that was also found with synthetic auxin
transport inhibitors (Hirsch et al., 1989).

Taken together, these findings suggest that
flavonoids might be involved in meristem induction in both
developmental processes, nodule and lateral root mor-
phogenesis. If this is true, then one should expect an
alteration of local flavonoid concentration preceeding
meristem formation. It has already been shown that the
flavonoid composition of root hairs undergoes changes
during the symbiotic infection process (Parniske et al.,
1988). In this paper we restricted our measurement to
glyceollin I concentrations in root hairs and root exudate
and report a significant glyceollin I induction by Brady-
rhizobium japonicum 110spc4. A possible physiological
role for the symbiotic glyceollin I production is discussed.

Materials and Methods
Chemicals

The PAL inhibitor (R)-(1-amino-2-phenylethyl)-
phosphonic acid a generous gift of Dr. E. K. Baylis, Ciba-Geigy,
Manchester, USA. The antiserum against glyceollin I was a gift
from Prof. Dr. H. Grisebach, Freiburg, Germany. Anti-rabbit-
solid-phase was obtained from Fa. Laboserv, GieBen, Germany.
Perlite was obtained from the Deutsche Perlite GmbH, Dortmund,
Germany and Vermiculite from the Deutsche Vermiculite
Dammstoff GmbH, Sprockhével (HaBlinghausen), Germany.

Growth of seedlings

Soybean seeds (Glycine max cv. Preston, Pioneer
Hi-Bred Intern. Inc., Iowa, USA, Glycine max cv. Maple Arrow,
Agriculture Canada Forage section, Ottawa, Ontario, Canada,
Glycine max cv. Kenwood, Iowa State University, Ames, USA)
were surface sterilized for 10min in 30% H,0,, washed
7-10times with sterile H,0 and soaked for 6—8 hours in sterile
H,0. Seedlings were grown in Vermiculite/Perlite (1: 1) for 2 days
at 25°C, 13Wm™2, 75% humidity and a day night regime of
14:10h.

Bacteria and culture condition

Bradyrhizobium japoni 110spc4 (Reg
burger and Hennecke, 1983), Rhizobium meliloti 2011 (Casse et
al., 1979), Rhizobium legumii um PRE 8 (Dr. Lie, Agricultural
University of Wageningen, Netherlands) and Sinorhizobium fredii
HH 103 (Dowdle and Bohlool, 1985) were grown at 28°C on a
rotary shaker in 20E-Medium (Werner et al., 1975) or xylose
minimal medium (XMM), a variation of the medium described by
Tully (1985), containing 10mM xylose as sole C-source and the
following vitamins: 2 x 10~% M 4-aminobenzoic acid, 5 x 107* M
pyridoxine HClL, 1 x 10~ M mesoinositol, 2 x 10~ thiamine-di-
HCl,2x10-®MCa-D-pantothenate, 3x 10" *MD(+)-biotin, 1x 10~5M
nicotinic acid.

Bacterial inoculum

Bacteria, grown in appropriate medium to mid
log phase (max. 10° cfu ml™?), were centrifuged and resuspended
in 5mM MES (pH 6.2) plus 1 mM CaCl, and adjusted to the desired
cell densities. Bacteria were killed by autoclaving a buffer washed
suspension (8 x 10'° cfu mi™") for 15 min at 120°C. This treatment
resulted in 100 % killing as confirmed by plating aliquots on 20E
agar plates. A cell free bacterial exudate was obtained from a cell

pension of Bradyrhizobium japonicum in buffer (8 x 10'° cfuml™),
stirred at room temperature for 1h. Cells were removed by
centrifugation and the supernatant was filtered through a 0.2 um
cellulose-nitrate-filter. Crude cell extracts of rhizobia grown in
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XMM were prepared using a French press. Cell debris were re-
moved by centrifugation. The extracts were adjusted to an equiv-
alent concentration of 2 x 10'° cfu ml~! with MES buffer.

Culture and zoospore induction of
Phytophthora megasperma f. sp. glycinea

Phytophthora megasperma f. sp. glycinea race 1
was obtained from T. Waldmiiller and J. Ebel (Freiburg) and
cultured on Lima-Bean-Agar (Difco) in petri dishes at 25°C in the
dark. Zoospores were obtained from 6 day old cultures according
to Eye et al. (1978) with the exception that agar plates with
Phytophthora megasperma f.sp. glycinea mycelia were washed
with mineral solution (0.58g 1-! Ca(NO3),, 0.15g 1! MgS0, x
7 H,0, 1.15g 171 KH,PO,, 0.06 g 1~ KCl) instead of distilled water.

Inoculation procedure

Roots of 2 day old soybean seedlings were trans-
ferred to 2.3 ml test tubes containing either buffer, the respective
bacteria-derived inducing agents or a suspension of Phytophthora
megaspermaf. sp. glycinea zoospores (2.5 x 10*/plant). After anin-
cubation time of 20 h (except where otherwise indicated) under the
conditions described above, the volume of the liquid in the test
tubes was made up to 2.3 ml with buffer (compensation for differ-
ent transpiratory losses) and aliquots were removed for
quantification of glyceollin I. The root hairs were harvested by
scraping them with a sharpened spatula into an Eppendorf-cup.

Quantification of GlyceollinI

Freeze-dried root hairs were extracted with 1 ml
methanol, 0.5 ml of the extract was evaporated to dryness and re-
dissolved in 10 % methanol. An aliquot of the root exudate was
adjusted to 10 % methanol. Glyceollin I concentrations in root hair
extracts and root exudate were determined by a modification of
the radioimmunoassay of Hahn et al. (1985), in which anti-rabbit-
solid-phase was used to precipitate Anti-Glyceollin I. Appropriate
dilutions were assayed in duplicate.

Application of PAL inhibitor APEP during
seedling infection

The effect of the PAL inhibitor APEP on nodule
formation was assayed on plants growing in growth pouches
(Northrup, King Seed Co., Minneapolis, MN, USA). Examples and
detailed descriptions of applications of the growth pouch
technique for the analysis of early events in the soybean-
Bradyrhizobium japonicum symbiosis are given by Bhuwanesvari
et al. (1981) and Caetano-Anollés et al. (1991). Two-day-old
seedlings of Glycine max cv. Preston were incubated for 20h in
2.3 ml test tubes containing a Bradyrhizobium japonicum 110spc4
suspension (5.2 x 10 cfu/plant) in MES buffer and the inhibitor at
different concentrations. Subsequently, the seedlings were trans-
ferred into sterile growth pouches and the position of the root tip
was marked with a felt-tip pen on the transparent pouch. This root
tip mark represents the time point at which the roots were re-
moved from the inhibitor solution. When necessary, growth
pouches were wetted with sterile half concentrated nutrient
solution (Werner et al., 1975). After 11 days of growth under con-
trolled environmental conditions (Werner et al., 1975), position
and number of the nodules were determined.

Results

Bradyrhizobium japonicum
110spc4 induced production of glyceollin I

Effect of inoculum cell density
on glyceollin I production

The initial studies focussed on the effect of
Bradyrhizobium japonicum on phytoalexin concentration
in roots and root exudate of Glycine max. When buffer-
washed cells of Bradyrhizobium japonicum were applied to
soybean roots, we observed that glyceollin I accumulated
during the symbiotic interaction. Phytoalexin levels in root
exudate increased with increasing infection titers (Fig. 1).
Beginning with inoculation titers of 10'° cfu/ml, Brady-
rhizobium japonicum induced significant amounts of
glyceollin I in the root exudate which were up to 50 fold
higher than those of control seedlings (Fig. 1), whereas no
glyceollin I accumulated in root hairs.

To exclude the possibility that the induction
was caused by traces of medium-derived yeast extract
which might contain fungal elicitors of phytoalexin
accumulation, we incubated the seedlings with bacteria
grown in yeast-free xylose minimal medium. These
bacteria also induced elevated glyceollin I production. The
effects were independent of the bacterial growth phase
(data not shown).

Kinetics of glyceollin I accumulation
during symbiotic interaction

The kinetics of glyceollin I accumulation in
response to inoculation with Bradyrhizobium japonicum is
shown in Fig. 2. At every time point analysed, the major
proportion of the glyceollin I produced appeared in the root
exudate (Fig. 2). Maximum glyceollin I levels were reached
after 10h of incubation and this level was maintained for
upto43h.
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Fig.1 Glyceollin | (pmol/seedling) in root hairs and root exudate of
Glycine max cv. Preston after 20 h of incubation in cell suspensions of
Bradyrhizobium japonicum 110spc4 grown in 20E medium, washed and
resuspended in MES buffer. Each point represents the mean of data

from 7-10 seedlings. The MES control seedlings contained on average

20 pmol glyceollin |/seedling in root hairs and 22 pmol glyceollin |/seedling
in the root exudate. Bars indicate SEM values.
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Fig.2 Glyceollin | (pmol/seediing) in root hairs and root exudate of
Glycine max cv. Preston at different times after exposure to a sus-

pension of 3.9 x 10'° cfu/ml Bradyrhizobium japonicum 110spc4 cells,
grown in 20E medium, washed and resuspended in MES buffer. Each point
represents the mean of data from 8 seedlings. The MES control

seedlings contained on average 5 pmol glyceollin I/seedling in root hairs
and 20 pmol glyceollin I/seedling in the root exudate. Bars indicate SEM
values.

Glyceollin I induction by living cells, dead
cells and cell-free exudate of
Bradyrhizobium japonicum 110spc4

Glyceollin I production by soybean roots
after incubation with Bradyrhizobium japonicum might be
due to the infection of epidermal root cells by rhizobia.
Alternatively, it may be a response to bacterial elicitors, in-
dependent of root hair penetration. In order to assess the
probability of these alternatives, we tested dead bacteria,
which are unable to infect the root, for their inducing
capability.

As shown in Fig. 3, autoclaved rhizobia in-
duced a glyceollin I response that was fully comparable
with that obtained by living bacteria. Both the magnitude
of the response as well as the distribution pattern of
phytoalexin between root hairs and exudate were similar.
Obviously, the plant reaction seems to be independent of
the presence of living bacteria. Based on this observation
we concluded that a penetration of the root surface is not
necessary for the induction of glyceollin I accumulation.

During the incubation time of the plant
assay, the dead bacteria sedimented to the bottom of the
test tubes, leaving the roots submerged in a clear super-
natant. It was therefore suspected that a soluble factor
might be sufficient for the induction of phytoalexin
accumulation. In order to test this hypothesis, we repeated
the experiment with cell-free bacterial exudate. As shown
in Fig. 3, the bacterial exudate induced a similar reaction
as did living or dead cells. This result shows that the
elicitor of the plant reaction is a soluble factor < 0.2 ym.
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Fig.3 Glyceollin | (pmol/seedling) in root hairs and root exudate of Glycine
max cv. Preston after 20 h of incubation in different preparations of a
Bradyrhizobium japonicum 110spc4 cell suspension. 1 = Bacteria grown

in 20E medium, washed and adjusted to 8 x 10'° cfu/ml with MES buffer. 2
= same as 1, but cells were autoclaved for 15 min prior to application

to the seedlings. 3 = same as 1, but cells were removed by centrifugation
and the supernatant, filtered through a 0.2 um pore size filter, was used

for the plant assay. Each column represents the mean of data from

8--10 seedlings. The MES control seedlings contained on average

3 pmol glyceollin I/seedling in root hairs and 10 pmol glyceollin I/

seedling in the root exudate. Bars indicate SEM values.

Glyceollin I production by soybean roots
during phytopathogenic interactions

Symbiotic and pathogenic interactions
were compared with respect to glyceollin I accumulation
which they induced in the rhizosphere of soybean. Since
there are no well characterised soybean root pathogenic
bacterial strains available, zoospores of Phytophthora
megasperma f.sp. glycinea, a soybean root pathogenic
oomycete, were tested for their effect on glyceollin I pro-
duction by soybean roots. This oomycete has commonly
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Fig.4 Glyceollin | (nmol/seedling) in root hairs and root exudate

of an incompatible (Maple Arrow) and a compatible (Kenwood) Glycine
max cultivar after 20 h of incubation with 2.5 x 10* zoospores of
Phytophthora megaspermaf. sp. glycinea race 1/seedling. Each
column represents the mean of 10 seedlings. Bars indicate SEM values.
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been used to investigate phytoalexin responses of soybean
roots and it is well established that Phytophthora
megasperma f. sp. glycinea infection induces high concen-
trations of glyceollin I in root tissue (Hahn et al., 1985). In
addition, our data show that glyceollin I accumulates in the
root exudate (rhizosphere) of such seedlings. As illustrated
in Fig.4, a seedling of the cultivar Kenwood (compatible
with Phytophthora megasperma f.sp. glycinea) exuded
about 7 nmol glyceollin I during the first 20 h of a successful
infection with Phytophthora megasperma f.sp. glycinea
race 1. Roots of these seedlings became brown, lost
turgidity and developed no secondary roots. At later stages,
hyphae could often be observed growing out of the
cotyledons. In contrast, the incompatible interaction with
seedlings of cultivar Maple Arrow was characterized by a
darkening of the root tip and the development of numerous
secondary roots. The shoots could not be distinguished
from those of buffer-treated plants. Those seedlings, which
were able to resist pathogenic attack, produced about
48 nmol glyceollin I/seedling during the first 20 h after in-
fection with zoospores of Phytophthora megasperma f.sp.
glycinea race 1. These glyceollin I concentrations in the
root exudate are considerably higher than those induced
by all other treatments applied in this study.

Glyceollin I induction by rhizobial strains

Bradyrhizobium japonicum induces the
production of low but significant amounts of glyceollin I by
Glycine max. These glyceollin I levels remain low even at
high inoculum densities, indicating that the microsymbiont
is capable of suppressing or preventing this plant defense
response. Such a reduction in the plant defense response
could be a prerequisite for a successful infection. We were
interested whether rhizobia that are unable to nodulate
soybean differ from Bradyrhizobium japonicum with re-
spect to the amounts of glyceollin I/seedling they induce.
When soybean roots were infected with suspensions of
Rhizobium meliloti (unable to nodulate Glycine max),
highly variable responses were observed. These ranged
from no response up to a production of 3 nmol/seedling in
the root hairs. It was determined that the variation was not
due to the length of the incubation time (data not shown).
However, the glyceollin I concentration seemed to be de-
pendent on the batch of bacterial cells used. In order to
analyse the factors responsible for the variation, we tested
crude cell extracts for their inducing capacity. Inter-
estingly, incubation in such a preparation of Rhizobium
meliloti cells always led to very high glyceollin I concentra-
tions in the nmol-range.

Since it was found that the use of cell ex-
tracts led to more reproducible reactions by plant roots,
these conditions were chosen to test two additional
rhizobial strains (Fig.5). Sinorhizobium fredii, another
Glycine max nodulating bacterium, and Rhizobium
leguminosarum, a bacterium which is unable to nodulate
Glycine max, were used. The two strains tested that are
unable to nodulate soybean, induced different glyceollin I
levels. The glyceollin I levels increased significantly after
incubation with the supernatant from a crude Rhizobium
meliloti cell extract, whereas no enhancement could be
observed after incubation with a comparable preparation
from Rhizobium leguminosarum cells. In addition, there
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Fig.5 Glyceollin | (nmol/seedling) in root hairs and root exudate of
Glycine max cv. Kenwood after 20 h of incubation with cell extracts of
different rhizobia. Cells were grown in XMM and broken using a French
Press. Cell debris were removed by centrifugation and the resulting ex-
tracts were adjusted to an equivalent concentration of 2 x 10 cfu/ml.
Each column represents the mean of data from 7-9 seedlings. The MES
control seedlings contained on average 8 pmol glyceollin I/seedling in
root hairs and 24 pmol glyceollin I/seedling in the root exudate. Bars in-
dicate SEM values.

were strong differences between the two soybean
nodulating rhizobia analysed in this study. Disrupted
Bradyrhizobium japonicum cells failed to induce any more
glyceollin I accumulation than whole cells (compare data
from Fig. 5 with Figs. 1, 2, 3). As seen in Fig. 5, a crude ex-
tract of Sinorhizobium fredii cells induced glyceollin I con-
centrations in soybean root exudate which are in the same
order of magnitude as those found after compatible in-
fection with zoospores of the root pathogen Phytophtora
megasperma f. sp. glycinea race 1.

No correlation could be found between the
ability of the rhizobial strains to infect soybeans and the
glyceollin I levels induced by cell preparations from these
strains.

Absolute glyceollin I concentrations showed
considerable variations between different tests i.e. differ-
ent batches of seedlings. This variation in phytoalexin re-
sponse between different batches of seedlings was also
observed by other workers (e.g. Bonhoff and Grisebach,
1988; Hahn et al., 1985). Consequently each figure con-
tains data derived from the same test.

Inhibition of nodulation by
the PAL-inhibitor APEP

Having observed low but significant in-
duction of the phytoalexin glyceollin I after infection with
Bradyrhizobium japonicum, we were interested to assess
the physiological significance of this in the early stages of
the symbiotic interaction. Our approach was to analyse the
effect of an inhibitor of flavonoid synthesis on nodule
formation.
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Fig.6 Effect of the PAL inhibitor APEP on the number of nodules

formed above the root tip mark after infection of Glycine max cv. Preston
with Bradyrhizobium japonicum 110spcé (5.2 x 10° cfu/plant). The pri-
mary roots were incubated for 20 h in 2.3 ml test tubes containing in-
hibitor and bacteria, then transferred to growth pouches. The position of
the root tip was marked. After 11 days, position and number of the nodules
were determined. Each point represents the mean of data from 12-16
plants. Bars indicate SEM values.

Table 1 Effect of preculture of Bradyrhizobium japonicum 110spcé4 in
isoflavonoid-containing medium on the inhibition of nodulation by APEP.

Nodule number? above rtm
Preculture! after incubation of roots in
of bacteria | MES | APEP
| [
control 85° 15°
isoflavonoid 65° 1.0

! Bradyrhizobium japonicum was precultured in 20E medium containing either

10 M each of daidzein and coumestrol (isoflavonoid) or 0.02 % (v/v) dimethyiform-
amide (control). Plants were infected with 8 x 10° cfu/plant. All other conditions
were the same as described in Fig. 6.

2 Values with different indices differ with a significance of < 5% (t-test).

A key enzyme in flavonoid synthesis is the
phenylalanine-ammonia-lyase (PAL). A specific inhibitor of
this enzyme is (R)-(1-amino-2-phenylethy)phosphonic
acid (APEP) (Laber et al., 1986). The effect of the PAL in-
hibitor on nodulation was tested with seedlings growing in
growth pouches. In this experiment, the position of the root
tip mark (rtm) corresponded to the time of removal of the
root from the inhibition solution. Starting with APEP con-
centrations of 330 uM, the number of nodules over the rtm
was found to be drastically reduced (Fig.6). On APEP
treated plants, a burst of nodulation was typically observed
directly below the rtm (data not shown) indicating that
nodulation was possible as soon as the inhibitor was re-
moved. The highest APEP concentration applied in this ex-
periment (1 mM) inhibits neither bacterial nor plant
growth (data not shown). These observations show that the
reduced nodule initiation in the presence of APEP is not
due to a non-specific toxic effect. The nodulation of APEP-
treated seedlings could not be increased by using rhizobia

that had been previously grown in a medium containing
coumestrol and daidzein, the major isoflavonoid con-
stituents in root exudate of soybean seedlings (D’Arcy-
Lameta, 1986) (Table 1). These results suggest that the re-
duced nodule number in root regions that have been in
contact with the inhibitor results from a specific inhibition
of a metabolic function which is indispensable in the early
symbiotic interaction.

Discussion

In this study, glyceollin I production by
single seedlings of Glycine max in symbiotic and
pathogenic interactions was analysed. Axenically grown
seedlings produce very low amounts of glyceollin I in root
hairs as well as in root exudate. In contrast, when
seedlings were incubated with living cells of Brady-
rhizobium japonicum 110spc4, a bacterium that is able to
form effective nodules on Glycine max roots, a significant
production of glyceollin I was observed. Typically, most of
the glyceollin I produced during the symbiotic interaction
accumulated in the root exudate, whereas a smaller
portion was found in root hairs. The elicitor of this reaction
appears to be a soluble, heat stable factor of a size <
0.2 um since autoclaved cells as well as filtered cell-free
bacterial exudate or a crude cell extract had the same in-
ducing capacity. The maximum glyceollin I accumulation
was reached after 10 h. The concentration of glyceollin I in
root exudate did not increase during longer incubation.

For the pathogenic interaction between
Glycine max and Phytophthora megasperma f.sp.
glycinea, evidence has accumulated that the production of
glyceollin plays an important role in resistance of the host
plant towards incompatible races of Phytophthora
megasperma £.sp. glycinea (Waldmiiller and Grisebach,
1987; Hahn et al., 1985). Our data confirm this idea since
during the first 20h of the incompatible interaction
(Glycine max cv. Maple Arrow -~ Phytophthora
megasperma f. sp. glycinea race 1), much higher amounts
of phytoalexins accumulated than during the compatible
interaction (Glycine max cv. Kenwood-Phytophthora
megasperma £. sp. glycinea race 1).

In contrast to pathogenic systems, where
incompatibility is correlated with glyceollin I levels, no
connection could be found between the ability of a
rhizobial strain to form nodules on Glycine max and the
amount of glyceollin I produced in root hairs or exudate.
Unexpectedly, the highest glyceollin I levels, induced by
crude bacterial cell extract, were obtained with Sino-
rhizobium fredii (able to nodulate Glycine max), whereas
the lowest levels were obtained with Rhizobium legu-
minosarum (unable to nodulate Glycine max) (Fig.5).
However, there was a strong variation observed amongst
the strains that were unable to nodulate Glycine maz, since
Rhizobium meliloti induced higher levels of glyceollin I
than Rhizobium leguminosarum. The comparison of the
four rhizobial strains, with respect to their glyceollin I in-
ducing capacity, showed no correlation between their abil-
ity to infect Glycine max and the glyceollin I levels induced
by crude cell extracts from these strains. Certainly, these
conclusions have to be prefaced with the remark that these
results were obtained by the use of crude cell extracts since
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it was impossible to obtain reproducible plant reactions
with living Rhizobium meliloti cells. It is possible that these
conditions do not reflect the ir vivo situation.

In this study we observed that Brady-
rhizobium japonicum 110spc4 induces a small but signifi-
cant glyceollin I exudation by Glycire max roots. Estabrook
and Sengupta-Gopalan (1991) analysed mRNA levels for
PAL and CHS in roots of Glycine max after symbiotic in-
fection with Bradyrhizobium japonicum USDA 110. They
used these key enzymes of the phenylpropanoid and
flavonoid biosynthetic pathway to investigate if an in-
duction of the pathway, leading to symbiotic signal
molecules and phytoalexins like glyceollin I, had taken
place and were able to show significant increases in the
quantity of specific mRNAs even on the first day after in-
oculation. This finding is consistent with the glyceollin I
exudation observed in our study.

Flavonoid accumulation in the root exudate
ofleguminous plants in response to symbiotic infection was
also described by Recourt et al. (1991). They reported that
inoculation with the homologous symbiont Rhizobium
leguminosarum bv. viciae results in an increase of nod
gene inducing flavonoids in root exudate of Vicia sativa
subsp. nigra.

The increased glyceollin I levels, induced
by the symbiotic microorganism, are in line with the pre-
viously observed increase in flavonoid synthesis (Parniske
et al., 1988). Nevertheless, the physiological significance of
glyceollin I exudation by soybean roots is still unclear. An
increase in phenylpropanoid derivative concentration
seems to be indispensible for a successful symbiotic inter-
action since its inhibition leads to a significant reduction in
nodule formation. That PAL inhibition in alfalfa roots leads
to a reduced synthesis and release of flavonoids was re-
ported by Maxwell and Phillips (1990). We observed that in-
hibition of flavonoid and glyceollin I synthesis with the PAL
inhibitor APEP, drastically reduced induction of nodule
formation. The negative effect of PAL inhibition on nodule
formation could not be explained by an absence of nod
gene inducers since nodule formation was still inhibited
when the bacteria were grown in an isoflavonoid-(= nod
gene inducers) containing medium (Tab. 1). The effective
inhibitor concentrations were the same as described by
Waldmiiller and Grisebach (1987). They used a similar
assay design and observed a 46 % inhibition of glyceollin I
production with 330 uM APEP and a 67 % reduction with
1 mM APEP. Based on their data, we conclude that PAL and
glyceollin I synthesis were also inhibited in our ex-
periment. The reduction in nodule formation caused by
APEP suggests that flavonoid compounds, induced after
symbiotic infection, are important mediators of early
symbiotic events.

Some recent results from several inde-
pendent laboratories indicate a possible role of flavonoids
in meristem induction. For the induction of root formation,
local concentrations of plant hormones, like auxin and
cytokinin, have been suggested to be critical parameters
(Libbenga et al., 1973). It was shown by Jacobs and Rubery
(1988) that certain flavonoids can specifically compete with
a synthetic auxin transport inhibitor for binding to its re-

ceptor. These flavonoids disturb polar auxin transport in a
manner similar to that of synthetic auxin transport in-
hibitors and therefore may have an influence on auxin dis-
tribution and local concentrations. In that connection it is
an interesting finding that enhanced expression of a bean
CHS8-GUS gene fusion was found in root areas of trans-
genic tobacco where the formation of lateral roots had be-
en initiated (Schmid et al., 1990). CHS is a key enzyme of
flavonoid synthesis.

Since both the initiation of lateral roots and
that of symbiotic root nodules (Rolfe and Gresshoff, 1988)
require the induction of meristematic activity, the oc-
currence of similar physiological processes during the
ontogenesis of the two root-derived plant organs seems
possible. The close ontogenic relationship between nodules
and lateral roots is also evidenced by the observation that
some Rhizobium meliloti strains stimulate both normal
nodules and “hybrid” structures intermediate between a
nodule and a lateral root (Dudley et al., 1987). The finding
that auxin transport inhibitors, as well as certain
flavonoids, elicit nodule-like structures on alfalfa, which
closely resemble Rhizobium-induced legume nodules
(Hirsch et al., 1989, 1990), is evidence for the critical role
of auxin during nodule development.

The glyceollin I levels induced in soybean
roots infected with the compatible microsymbiont Brady-
rhizobium japonicum 110spc4 were low when compared to
those characteristic of a pathogenic interaction. In both
types of pathogenic interactions, compatible and in-
compatible, the levels of glyceollin I production were
several times higher than those observed as a result of the
symbiotic interaction. It is likely that at these low concen-
trations glyceollin I has plant hormone characteristics and
plays a role in nodule induction rather than in plant de-
fense. Evidence for glyceollin I as a plant hormone comes
from the experiments of Yoshikawa et al. (1986) who
observed an increased meristem induction by mung bean
roots in response to glyceollin I/auxin treatments. Our re-
sults indicate that the plant is in need of PAL products
during the early stages of nodule formation. Experiments
are in progress to analyse whether this is due to the in-
volvement of flavonoids in meristem induction.

Acknowledgement

We thank the laboratory of the late Prof. Dr. H.
Grisebach for the supply of glyceollin antibody. We thank Dr. E. K.
Baylis for the gift of APEP. We thank the Deutsche Forschungs-
gemeinschaft (Bonn) for continuing support in the SFB 305
“Okophysiologie, Verarbeitung von Umweltsignalen”.


file:////0spc4

Glyceollin I A I in Soybean Rhizosphere Bot. Acta 105 (1992) 25
References Recourt, K., Schripsema, J., Kinje, J. W., van Brussel A. A. N., and
Lugtenberg, B. J. J.~Inoculation of Vicia sativa subsp. nigra roots with
Bh i, T. V., Bh t, A A., and Bauer W. D. — Transient sus- Rhizobium leguminosarum biovar viciae results in release of nod

ceptibility of root cells in four
rhizobia. Plant Physiol. 68 (1981), 1144— 1149.

Bonhoff, A. and Grisebach, H. — Elicitor-induced accumulation of
glyceollin and callose in soybean roots and localized resistance
against Phytophthora megasperma f. sp. glyci Plant Sci 54
(1988), 203-209.

Caetano-Anollés, G., Paparozzi, E. T., and Gresshoff, P. M. — Mature
nodules and root tips control nodulation in soybean. J. Plant Phys-
iol. 137 (1991), 389-396.

Casse, F., Boucher, C., Julliot, J. S., Michel, M., and Dénarié, J. —
Identification and characterization of large plasmids in R. meliloti
using agarose gel electrophoresis. J. Gen. Microbiol. 113 (1979),
229-242.

D‘Arcy-Lameta, A. — Study of soybean and lentil root exudates. II.
Identification of some polyphenolic compounds, relation with plant-
let physiology. Plant Soil 92 (1986), 113-123.

Djordjevic, M. A., Gabriel, D. W., and Rolfe, B. G. — Rhizobium — the re-
fined parasite of legumes. Ann. Rev. Phytopathol. 25 (1987),
145-168.

Dowdle, S. F. and Bohlool, B. B. — Predominance of fast-growmg

hl

to nodulation by

gene activating flavonones and chalcones. Plant. Mol. Biol. 16
(1991), 841-852.

Rolfe, B. G. and Gresshoff, P. M. — Genetic analysis of leg dule in-
itiation. Ann. Rev. Plant Physiol. Plant Mol. Biol. 39 (1988),
297-319.

Schmid, J., Doerner, P. W., Clouse, S. D., Dixon, R. A, and Lamb, C. J.
— Developmental and environmental regulation of a bean chal
synthase promoter in transgenic tobacco. Plant Cell. 2 (1990),
619-631.

Tully, R. E. — New culture media to suppress exopoysaccharide produc-
tion by Rhizobium japonicum. Appl. Microbiol. Biotechnol. 21
(1985), 252-254.

Waldmiiller, T. and Grisebach, H. — Effects of R-(1-amino-2-phenyl-
ethyl)phosphonic acld on glyceollm accumulation and expression
of resi e to perma f.sp. glyci in
soybean. Planta 172 (1987) 424 430.

Werner, D., Wilcockson, J., and Zimmermann, E. — Adsorption and

lection of rhizobia with i hange papers. Arch. Microbiol.
105 (1975), 27-32.
Yoshikawa, M., Gemma, H., Sobaj Y., and M H. — Rooting

Rhizobium japonicum in a soybean field in the People’s Rep of
China. Appl. Environ. Microbiol. 50 (1985), 1171-1176.

Dudley, M. E., Jacobs, T. W., and Long, S. R. — Microscopic studies of
cell divisions induced in alfalfa roots by Rhizobium meliloti. Planta
171 (1987), 289-301.

Ebel J. and Grisebach, H. — Defée strategies of soybean against the

Ph perma f.sp. glyci a molecular
analysns TIBS 13 (1988), 23-27.

Estabrook, E. M. and Sengupta-Gopalan, C. — Differential expression of
phenylalanine-ammonia-lyase and chalcone synthase during
soybean nodule development. The Plant Cell 3 (1991), 299-308.

Eye, L. L., Sneh, B., and Lockwood, J. L. — Factors affecting zoospore
production by Phytophthora meg ma var. sojae. Phytopathol.
68(1978), 1766—1768.

Hahn, M. G., Bonhoff, A., and Grisebach, H. — Quantitative localization
of the phytoalexm glyceollin 1 m relatwn to fungal hyphae in
soybean roots infected with Phytop a ma f.sp.
glycinea. Plant Physiol. 77 (1985), 591-601.

Hirsch, A. M., Bochenek, B., Lobler, M., McKhann, H. 1., Reddy, A., Li,
H.-H., Ong, M., and Wong, J. — Patterns of nodule development and
nodulin gene expression in alfalfa and afghanistan pea. In:
Hennecke, H. and Verma, D. P. S., ed., Advances in molecular ge-
netics of plant-microbe interactions. Vol. 1, pp. 317-324. Kluwer
Academic Publishers, Dordrecht/Boston/London, 1990.

Hirsch, A. M., Bhuvaneswari, T. V., Torrey, J. G., and Bisseling, T. —
Early nodulin genes are induced in alfalfa root outgrowths elicited
by auxin transport inhibitors. Proc. Natl. Acad. Sci. USA. 86 (1989),
1244-1248.

Jacobs, M. and Rubery, P. H. — Naturally occurring auxin transport re-
gulators. Science 241 (1988), 346—349.

Laber, B., Kiltz, H. H., and Amrhein, N. - Inhibition of phenylalanine-
ammoma-lyase in vitro and in vivo by (1- ammo-Z-phenyl-
ethyl)phosphonic acid, the phosphoni log!
Z. Naturforsch. 41¢ (1986), 49—55.

Libbenga, K. R., van Iren, F., Bogers, J. R., and Schraag-Lamers, M. F.
—The role of hormones and gradients in the initiation of cortex pro-
liferation and nodule formation in Pisum sativum L.. Planta 114
(1973), 29-39.

Long, S. R. — Rhizobium-1 dulation: life together in the un-
derground. Cell 56 (1989), 203-214.

Maxwell, C. A. and Phillips, D. A. — Concurrent synthesis and release of
nod-gene-inducing flavonoids from alfalfa roots. Plant Physiol. 93
(1990), 1552-1558.

Parniske, M., Pausch, G., and Werner, D. — Changes in flavonoid
pattern of root hairs of Gt mazx in resp to biotic in-
fection with B. japonicum. In: Bothe, H., de Bruun F. J, and
Newton, W. E., eds., Nitrogen Fixation: Hundred Years After, p.
466. G. Fischer Verlag, Stuttgart/New York, 1988.

Regensburger, B. and Hennecke, H. — RNA-polymerase from Rhizo-
bium japonicum. Arch. Microbiol. 137 (1983), 103-109.

Jasp

of phenylal

factor activity of plant phytoalexins. Plant Ph;siol. 82 (1986),
864-866.

Petra E. Schmidt

Philipps-Universitit Marburg
Fachbereich Biologie

Karl-v. Frisch-StraBe
D(W)-3550 Marburg

Federal Republic of Germany




