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Induction of the formation of root nodule primordia in
legume roots by symbiotic rhizobia is probably preceded
by a change in plant hormone physiology. We used a Vicia
sativa (vetch) split root system to study the effect of in-
oculation with rhizobia or purified Nod factors (lipochitin
oligosaccharides, L COs) on polar auxin transport in roots.
Addition of R. leguminosarum bv. viciae, the infective
symbiote of vetch, to roots of its host plant reduced polar
auxin transport capacity of these roots within 24 h, in con-
trast to addition of non-nodulating, Sym plasmid-cured
rhizobia. Addition of purified vetch-specific LCOs
(NodRIv-1V/V[18:4,Ac]) caused a transient reduction in as
little as 4 h after application, while after 16 h a second,
stronger, and prolonged inhibition was observed that
lasted at least 48 h. This reduction of auxin transport ca-
pacity wasin the same order of magnitude asinhibition by
N-(1-naphthyl)phthalamic acid (NPA). Purified LCOs
(NodRm-1V[16:2,Ac,S]) from Sinorhizobium meliloti, the
symbiote of alfalfa, and chitopentaose were inactive, which
indicates a specific effect of LCOs produced by R. legumi-
nosarum bv. viciae. Auxin transport inhibition was re-
stricted to the apical nodulation-susceptible part of the
roots, whereas the upper parts of the roots showed no dif-
ference in auxin transport after treatment. The effect
could be observed with as low as 10° M NodRIv-
IVIV[18:4,Ac] LCOs. Reduction of auxin transport by
L COs could not beinhibited by nitrate. Since inhibition of
auxin transport capacity preceded the first root cortical
cell divisions that result in root primordium formation,
our results suggest a direct relationship between LCOs,
polar auxin transport, and root nodule initiation, consis-
tent with the hypothesis of U. Mathesius, H. R. M. Schla-
man, H. P. Spaink, C. Sautter, B. G. Rolfe, and M. A.
Djordjevic (Plant J. 14:23-34, 1998). However, nonmito-
genic NodRIv-1V/V[18:1,Ac] showed a similar effect,
which suggests that mitogenicity results from additional
effects, in concert with auxin transport inhibition.

Under conditions of nitrogen deficit in the rhizosphere,
(Brady/Sino/Meso/Azo) Rhizobium spp. bacteria can trigger
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the formation of nitrogen-fixing nodules in the roots of legu-
minous plants. This symbiotic interaction occurs in a host-
specific way (for recent reviews, see Dénarié et al. 1996;
Heidstra and Bisseling 1996; Spaink 1996). For exaniple,
leguminosarum bv. viciae nodulates roots of pea and vetch,
whereasS. meliloti can invade the roots of alfalfa and sweet
clover plants. Nod factors (lipochitin oligosaccharides, LCOs)
synthesized by the rhizobia are key determinants of this rec-
ognition process. The chemical structures of these LCOs dif-
fer between rhizobial species or biovars (Long 1996; Spaink
1996; Kamst et al. 1998). A major Nod factor®fmeliloti,
NodRm-1V[16:2,Ac,S], differs from that dR. leguminosarum

bv. viciae, NodRIv-V[18:4,Ac], in the nature of the fatty acyl
side chain, in the O-substitution of the reducing sugar residue,
and in the number dfl-acetylb-glucosamine residues. These
differences can dramatically influence the response of differ-
ent plant species toward LCOs. For example, vetch roots do
not recognize LCOs produced 8 meliloti and do not re-
spond to these Nod factors, although the oligochitin backbone
of these LCOs is essentially the same as that of vetch-specific
LCOs.

Primary target cells for LCOs are root epidermal cells pro-
ducing a root hair. Among the first responses of these cells to
rhizobia or to purified LCOs are membrane depolarization,
intracellular alkalinization, calcium spiking, gene expression,
and root hair deformation (Spaink 1996, and references
therein). In addition, certain root cortical cells respond with
mitotic activity, resulting in formation of a root nodule pri-
mordium. Purified LCOs frons. meliloti can induce forma-
tion of complete nodule structures on alfalfa roots (Truchet et
al. 1991), whereas Nod factors producedrbleguminosarum
bv. viciae give rise to a limited number of cell divisions in the
inner cortex of vetch roots (Spaink et al. 1991). Since forma-
tion of nodulelike structures in certain legume roots can be
induced by auxin transport inhibitors suchNl-naphthyl)
phthalamic acid (NPA) (Hirsch et al. 1989; Wu et al. 1996), it
has been hypothesized that formation of nodule primordia is
preceded by a change in plant hormone physiology (Hirsch
and Fang 1994; Hirsch et al. 1997).

Recently, Mathesius et al. (1998) showed that LCOs from
R. leguminosarum bv. trifolii can modify the expression pat-
tern of an auxin-responsive reporter construct in roots of
transgenic white clover plants. The authors suggested that
LCOs act by perturbing the auxin flow in the root during the
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earliest stages of nodule formation. Two distinct auxin trans-
port streams have been identified in (bean) roots: (i) a basi-
petal transport through root epidermal tissues, observed after
microautoradiography, and (ii) an acropeta polar auxin trans-
port (PAT) through the root centra cylinder (Tsurumi and
Ohwaki 1978). Auxin is the only plant hormone for which a
polar transport has been demonstrated. PAT plays an important
role in the normal growth and development of plants, such as
in embryogenesis, gravitropism, phototropism, elongation
growth, and lateral root development (Lomax et a. 1995).
Therefore, it may likely play arole in root nodule formation.
Recently, we found that for cortical explants of pea roots ad-
dition of the natural auxin indole acetic acid (IAA) was es-
sential and sufficient for induction of cell divisions (K. J. M.
Boot, unpublished results). In the present study, we measured
polar transport of 1AA in vetch roots after incubation with
host-specific or mutant Rhizobium strains, as well as after ad-
dition of purified LCOs. We found that upon addition of host-
specific rhizobia or LCOs, the capacity of 1AA transport in
challenged roots was strongly reduced. A role for inhibition of
PAT with respect to induction of root cortical cell divisions
and nodulation is discussed.

RESULTS

Auxin transport in Vicia sativa roots.

As atest system, we used a split root system from Vicia sa-
tiva (vetch) plants. This system has the advantage that after
treatment of one of the roots (+ root), the other root (- root)
can be used as a control.

First, we tested the ability of vetch roots to transport radio-
actively labeled indole 3-acetic acitH¢IAA) in the polar di-

the agar donor block into the apical part of the root. Part B
(bottom) was the part positioned in the agar block, while parts
M (middle) and T (top) were the more distal parts of the root,
protruding from the agar block. As can be seen in Figure 1A,
the bottom part accumulated large amount$HsfAA while

the middle and top parts (M and T) contained progressively
smaller amounts of radioactive 1AA. As expected, we found
no difference in IAA transport capacity between two untreated
roots of the same plant (data not shown). After application of
the well-known auxin transport inhibitor NPA at a final con-
centration of 2.1¢ M to the agar donor block, accumulation

of IAA in parts M and T appeared to be reduced, with a si-
multaneous increase in the amount of labeled IAA in part B of

the root segments (Fig. 1B). Measurements of the accumula-

tion of 1AA in vetch roots that were placed in agar blocks in

the inverted position (apical to basal) (Fig. 1C) yielded an
amount of 3H-1AA in parts M and T similar to that observed

for NPA-treated “basal-to-apical” positioned roots (compare
Figure 1B and C). Taken together, these data showed that (i)
use of the vetch split root system allows measurement of polar
acropetal IAA transport, and (ii) accumulation of IAA in root
parts M and T is only partly due to PAT (approximately 30%),
with the remaining part most probably being caused by pas-
sive diffusion of labeled auxin.

In the following experiments, the amount of labeled IAA
that accumulated in part M during the standard incubation pe-
riod was used as a measure for the transport capacity of the
roots.

Effect of Rhizobium spp. on auxin transport.
After addition of the nodulatingR. leguminosarum bv. vi-
ciae strain 5601 to one of the roots, we measured the auxin

rection (basal to apical). During standard incubation of vetch transport capacity in both treated (+) and untreated (-) roots at
root segments for 3 h, IAA appeared to be transported fromt = 0, 24, and 48 h. In a separate experiment, we inoculated
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Fig. 1. Measurement of auxin transport capacity of Vicia sativa roots.
Transport of indole 3-acetic acid (3H-IAA) was measured in isolated root
segments placed in agar donor blocks containing 1.10~" M concenrations
of labeled IAA in the (A) basal to apical direction (1), (B) basal to apical
direction (1) in the presence of 2.10°% M N-(1-naphthyl)phthalamic acid
(NPA), or (C) apical to basal direction (1). B, M, and T = bottom, mid-
dle, and top parts of the roots, respectively.
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Fig. 2. Measurement of auxin transport capacity of M (middle) parts of
vetch roots after incubation with (A) Rhizobium leguminosarum bv. vi-
ciae 5601,which forms nodules on vetch roots, (B) R. leguminosarum
bv. viciae 5045, a Sym plasmid-cured strain that does not produce lipo-
chitin oligosaccharides (LCOs) and does not form root nodules on vetch
roots, or (C) as a control, without rhizobia for the indicated time (t = O,
24, or 48 h). + = treated roots; — = untreated roots.



vetch roots with the non-nodulating strain 5045, a Sym plas-
mid-cured derivative of R. leguminosarum bv. viciae 5560

that is unable to produce LCOs. As a control, we used un-
treated roots. Figure 2 shows that after application of strain

5045 the IAA transport capacity of both + and — roots tran-
siently increased to an extent similar to that in untreated con-

for inverted root segments (compare Figures 1B, 1C, and 2).
This result strongly suggested that rhizobial LCOs are respon-
sible for the observed inhibitory effect.

Effect of LCOson auxin transport.
Next, we tested the effect of addition of purified, vetch-

trol roots, whereas, by contrast, addition of strain 5601 causedspecific LCOs (a mixture of NodRIv-IV[C18:4,Ac] and

a significant decrease in the auxin transport capacity of the +

NodRIv-V[18:4]) to roots. Because these LCOs were dis-

roots and to a lesser extent also of the — roots. The amount o$olved in Chaps, this detergent was added to roots as a con-

accumulated labeled IAA in the + treated root segments after

trol. Application of 16’ M LCOs to roots of vetch plants re-

48 h was close to the values found for NPA-treated roots andsulted in a strong decrease of auxin transport capacity after
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Fig. 3. Measurement of auxin transport capacity of M (middle) parts of
vetch roots after incubation with (A) lipochitin oligosaccharides (L COs;
NodRIv-1V/V[18:4,Ac]) at 107 M, which induce nodule primordia on
vetch roots, or (B) with Chaps, a detergent used to dissolve the LCOs, as
a control for indicated time (t = O, 24, or 48 h). + = treated roots; — =
untreated roots.
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Fig. 4. Measurement of auxin transport capacity of M (middle) parts of
vetch roots at (A) apical or (B) basal part of the roots in the presence (+)

or absence () of lipochitin oligosaccharides (LCOs; NodRIv-IV/V
[18:4,Ac]) at 107" M. Basal and apical parts obtained from same roots.

only 24 h, whereas added Chaps had no effect (Fig. 3). The
amount of 1AA that could be transported by the untreated (-)
roots remained similar to that of control roots. Also after 48 h,
LCO-treated roots still showed strongly reduced auxin trans-
port, whereas untreated roots responded normally.

Inhibition of the IAA transport capacity was specific for the
apical parts of LCO-treated roots. Although (older) basal parts
of treated roots had a lower auxin transport capacity than api-
cal (younger) parts of the root, they showed no difference in
auxin transport capacity following treatment with LCOs,
compared with untreated control roots (Fig. 4). This result is
consistent with the observation that apical root parts rather
than basal root parts are susceptible to rhizobial infection.
From these experiments we conclude that homologous rhizo-
bia can locally inhibit the auxin transport capacity of their host
plant roots through the action of LCOs.

Treatment of roots with LCOs and NPA together yielded re-
sults similar to those with LCOs alone (data not shown). This
suggests that LCOs inhibit PAT rather than passive diffusion.

Time course of auxin transport inhibition by rhizobia
and LCOs.

A time course of auxin transport measurements after root
inoculation withR. leguminosarum bv. viciae 5601 revealed
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Fig. 5. Time course of changes in auxin transport capacity of M (middle)
parts of vetch roots wher@) the + roots were treated with lipochitin
oligosaccharides (LCOs; NodRIv-IV/V[18:4,Ac]) at 1M and (B) the
roots were not treated.
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that these bacteria are able to diminish the auxin transport ca-
pacity of the inoculated roots only after an incubation period
of 16 h (data not shown). However, treatment of roots with
LCOs showed that these were able to significantly inhibit the
auxin transport capacity in treated roots in as little as 4 h after

CPM

18:4 18:1
Nod factor Nod factor

meliloti’ chitin
Nod factor ~ pentamer

Fig. 6. Comparison of effects of different types of lipochitin oligosac-
charides (LCOs) and chitin pentamers on auxin transport capacity of
vetch roots. Polar auxin transport was measured in treated (+) and un-
treated (—) roots after 4 or 24 h of treatment of the + roots Wth10™~
M NodRIv-1V/V[18:4,Ac], (B) 107" M NodRIv-1V/V[18:1,Ac], (C) 10~
M NodRm-1V[16:2,Ac] produced by Snorhizobium meliloti, which in-
duces nodules on alfalfa, or (D) chitin pentamers at 1075 M.
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Fig. 7. Comparison of effects on polar auxin transport capacity vetch
roots of different concentrations of lipochitin oligosaccharides (LCOs)
NodRIv-1V/V[18:4,Ac] and NodRIv-1V/V[18:1,Ac] after treatment of +
roots for 24 h with (B) 10~ M, (C) 10°M, or (D) 10 ' M of LCOs,
compared with (A) untreated roots. Transport capacity of only the +
roots is presented. Hatched bars represent C18:4-treated roots; filled bars
C18:1-treated roots.
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application (Student’s test,P = 0.02; Fig. 5). The untreated
roots first responded with a transient increase in auxin trans-
port capacity that could be observed 2 h after application of
LCOs, followed by an inhibition. Interestingly, for both the
treated and untreated roots the initial moderate inhibition
proved to be transient. While in untreated roots auxin trans-
port capacity returned to control levels after 16 h, the treated
roots showed a second and prolonged inhibition of auxin
transport between 8 and 16 h after application of LCOs. This
resulted in a strong reduction of IAA transport capacity after
24 and 48 h, as was already observed in earlier experiments.

Specificity of inhibition of auxin transport by LCOs.

Next, we tested the specificity of the auxin transport re-
sponses (after 4 h and after 24 h) observed with LCOs. We
used nonmitogenic LCOs from. leguminosarum bv. viciae
(@ mixture of NodRIv-IV[C18:1,Ac] and NodRIv-
V[C18:1,Ac]) at 10" M, LCOs from S meliloti (NodRm-IV
[C16:2,Ac,S), the symbiote of alfalfa, at 107 M, and chitin
pentamers at 10°® M (Nod factors have an oligochitin back-
bone). Figure 6 shows that addition of afalfa-specific LCOs
or chitopentaose had no effect on auxin transport capacity af-
ter incubation of the roots for 4 and 24 h. By contrast, addition
of nonmitogenic LCOs (NodRIv-1V/V[C18:1,Ac]) of R. legu-
minosarum bv. viciae at 107 M to roots yielded about the
same response as did the mitogenic LCOs. After dilution, the
mitogenic and nonmitogenic LCOs were still active at a con-
centration of 10°M, whereas at 1071 M they were no longer
able to inhibit auxin transport (Fig. 7). In al experiments,
mitogenic LCOs consistently showed a slightly greater activ-
ity than did nonmitogenic LCOs at the same concentration.

Effect of nitrate on inhibition of auxin transport by L COs.

Since nitrate is a well-known inhibitor of nodulation (Malik
et a. 1987), we were interested to see what effect nitrate
would have on auxin transport capacity that is inhibited by
LCOs. Therefore, we either precultured the plants on a me-
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Fig. 8. Effect of nitrate on auxin transport capacity of vetch roots. Roots
were treated (+) with (A) 20 mM nitrate, (B) 107 M NodRlv-
1V/IV[18:4,Ac], or (C) both for 24 h.



dium containing 20 mM nitrate for 3 days or simultaneously
added this concentration of nitrate with LCOs, and we meas-
ured auxin transport 24 h after addition of the LCOs. As can
be seen in Figure 8, simultaneous addition of nitrate and
LCOs had no effect on the inhibition of auxin transport caused
by the addition of LCOs, compared with the addition of LCOs
alone. Addition of nitrate alone was without effect as well.
Also, preculture of the plants on nitrate had no effect on the
ability of LCOs to reduce the auxin transport capacity in roots
(data not shown). While auxin transport inhibition by LCOsis
an essential factor in root nodule formation, nitrate may affect
the latter process at alater stage.

DISCUSSION

We have shown that LCOs produced by R. leguminosarum
bv. viciae can inhibit PAT in vetch roots to a similar extent as
does NPA. This reduction in auxin transport capacity is re-
stricted to the apical nodulation-susceptible part of the roots,
specific for LCOs from R. leguminosarum bv. viciae, even at
concentrations as low as 10°° M, cannot be inhibited by ni-
trate, and persists for at least 48 h. A moderate transient re-
duction that can already be seen after 4 his followed by a sec-
ond, stronger response that starts between 8 and 16 h after
addition of the LCOs.

These findings are in excellent agreement with the data
published by Mathesius et al. (1998), who found that after
spot inoculation of white clover roots with rhizobia or purified
Nod factors from R. leguminosarum bv. trifolii the expression
of an auxin-responsive GH3:GUS construct was down-
regulated during the first 30 h. These authors explained this
observation by assuming a local inhibition of auxin transport
in the vascular bundle. Application of NPA induced the same
changes in GH3:GUS expression as did LCOs or addition of
R. leguminosarum bv. trifolii. Our results provide direct evi-
dence for a local reduction of the auxin transport capacity in
roots upon addition of homologous rhizobia or LCOs. Al-
though we did not measure endogenous auxin transport but
auxin transport capacity, it seems obvious to assume that these
two are closely correlated.

In particular, the second. stronger, and longer-lasting re-
sponse of vetch roots seems to be specific for R. legumi-
nosarum bv. viciae-produced LCOs. This rhizobial biovar
produces two types of LCOs, one carrying a specia polyun-
saturated fatty acid, NodRIv-1V/V[18:4,Ac], and another car-
rying a common fatty acid, NodRIv-IV/V[18:1,Ac]. Both
factors are recognized by vetch roots and cause the “thick and

ducing cortical cell divisions in vetch roots, provided that they
are produced by live bacteria. Most probably, the function of
the live bacteria is the production of NodO, a nodulation pro-
tein that forms cation-selective channels in artificial bilayers
and may enhance the biological activity of 18:1-L COs (Sutton
et ad. 1994) In the absence of NodO, nodE mutants of R. le-
guminosarum bv. viciae are unable to nodulate pea and vetch
(Downie and Surin 1990).

Recently, it was found that overexpression of ENOD40, a
nodulation gene that is induced by specific and less-specific
LCOs (Minami et al. 1996), results in an induction of cortical
cell divisions in afalfa roots (Charon et a. 1997). It has aso
been shown that differences exist in the expression patterns of
ENOD12 and ENOD40 genes after addition of mitogenic or
nonmitogenic LCOs (Horvath et al. 1993; Minami et a.
1996). For example, nonmitogenic Nod factors containing
C18:1 fatty acid chains induced ENOD12 expression in pea
root hairs after 24 h, whereas the mitogenic LCOs containing
a C18:4 acyl group showed expression after as little as 12 h.
Also, for ENOD 40, it has been shown that nonmitogenic Nod
factors can induce gene expression but only transiently and in
the pericycle of soybean roots, whereas mitogenic LCOs were
capable of induction of prolonged gene expression that was
also observed in dividing cortical cells. Apparently, timing
and place of expression of nodulation genes are different for
C18:4 and C18:1 types of LCOs, which can be important for
establishment of a nodule meristem. Interestingly, a difference
in timing between 18:4-LCO and 18:1-L CO activities was not
apparent with respect to inhibition of auxin transport capacity.

Nitrate, a well-known inhibitor of nodule formation (Malik
et al. 1987), inhibits root hair deformation, infection thread
formation, and cortical cell division, but it did not inhibit the
inhibition of auxin transport by vetch-specific LCOs. This
suggests that nitrate inhibits auxin-induced cell division rather
than auxin accumulation. Experiments with pea root cortical
explants in which 20 mM nitrate inhibited auxin-induced cell
division corroborate this hypothesis (K. J. M. Boot, unpub-
lished resuilts).

Since the inhibition of auxin transport capacity precedes the
first cortical cell divisions leading to nodule primordium for-
mation, the mitogenic LCOs must have an additional effect
that enables primordium formation. Still, auxin accumulation
may be an essential prerequisite for this process to occur. Pos-
sible candidates for involvement in mitogenicity are sugars,
cytokinins, or uridine (Bauer et al. 1996; Cooper and Long
1994; Smit et al. 1995).

short roots” (TSR) phenotype when roots are grown in the pJATERIALS AND METHODS

light in the absence of AVG (aminoethoxyvinylglycine), in
contrast to LCOs frons. meliloti or chitopentaose, which do
not yield any significant response in vetch roots. In addition,

concentrations of € to 10 M of 18:4-LCOs or 18:1-
LCOs were sufficient to induce root hair deformation within 3
h after addition to vetch roots. Although both types of LCOs
are recognized, only NodRIv-1V/V[18:4,Ac] LCOs induce
formation of root nodule primordia under standard conditions.
Purified NodRIv-1V/V [18:1,Ac] LCOs are normally not mi-
togenic (Spaink et a. 1991). However, rhizobia mutated in
their nodE gene, which produce only the latter type of LCOs,
are able to induce the formation of nodules on vetch roots.
Therefore, these types of LCOs are essentially capable of in-

Plant cultures.

Vicia sativa L. subsp. nigra seeds were surface sterilized
and germinated as described by van Brussel et a. (1982). The
root tips from seedlings with 1- to 1.5-cm-long roots were re-
moved and the plants were then further cultivated in tubes on
stainless steel grids with the roots suspended in Jensen me-

dium (Vincent 1970) in a growth cabinet at 20°C with 120 puE

s m on the table surface (Philips TLD 50w/83HF tubes;
day/night rhythm, 16 h light and 8 h darkness). After 7 days of
growth, when lateral roots about 3 cm long had been formed,
the plants were transferred to tubes containing little tubes (1
cm diameter) containing 5 ml of Jensen medium. Each of two
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lateral roots with equal length was incubated in a different
tube. The other roots were left hanging in the air around the
little tubes. In this way, spatially separated roots A and B were
further cultured for 3 days under the same conditions before
addition of rhizobia or LCOs. All treatments were made under
sterile conditions. To prevent stress caused by the presence of
rhizobia or LCOs, AVG was routinely added to the roots at a
final concentration of 0.1 mg/ml at the time of inoculation.

Bacterial strains and chemicals.

Rhizobium strains used in this study were R legumi-
nosarum bv. viciae RBL 5601 (Wijffelman et a. 1985) and
LPR 5045 (Hooykaas et a. 1981). The NodRIv-
IVIV[18:4,Ac] and NodRIv-1V/V[18:1,Ac] LCOs produced
by R leguminosarum bv. viciae RBL 5601 were purified as
described by Spaink et al. (1991). The appropriate concentra-
tions were calculated after determination of the molar absorp-
tion coefficient of 18:4-LCOs and 18:1-LCOs, respectively.
The S meliloti LCOs NodRm-V[16:2,Ac] were a kind gift of
G. Truchet. NPA was obtained from Pfaltz and Bauer
(Waterbury, CT). SH-IAA (specific activity 25 Ci/mmol) was
purchased from Amersham (Rosendaal, The Netherlands).

Auxin transport assay.

Transport of 3H-IAA was studied in 16-mm segments from
vetch roots. The segments were cut 4 mm behind the root tip
and were placed in agar blocks containing 1.107 M labeled
IAA, and AVG at a final concentration of 0.1 mg/liter. The
segments were incubated for 3 h in the dark at room tempera-
ture. To prevent drying, the roots were placed in silicon oil.
After the incubation, root segments were cut in three pieces:
part B (4 mm) was the fragment enclosed in the agar, and part
M (4 mm) and part T (8 mm) were the middle and top parts of
the root segments, respectively. Radioactivity in the segments
was counted with a liquid scintillation counter. Each experi-
ment was repeated at least three times with 6 or 12 plants per
experiment.
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