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ABSTRACT Lipochitooligosaccharides (LCOs) are a
novel class of plant growth regulators that activate in tobacco
protoplasts the expression of AXI1, a gene implicated in auxin
signaling. Transient assays with a chimeric P5ox;-GUS expres-
sion plasmid revealed that the N-octadecenoylated monosac-
charide GlcN has all structural requirements for a biological
active glycolipid, whereas the inactive N-acylated GalN epimer
inhibits LCO action. Specific inhibition of LCO and auxin
action shows that both signals are transduced within the
tobacco cell via separate pathways that converge at or before
AXII transcription. Cytokinin is suggested to be a common
effector of LCO and auxin signaling. We also show that
activation of AXI1 correlates with growth factor-induced cell
division.

Lipochitooligosaccharides (LCOs) secreted by rhizobia play a
key role in the induction of nodules on the roots of legumes by
activating signaling events that, at very low concentration,
initiate cell division at distinct sites in the root (1, 2). Possibly
these signals affect regulation of the plant cell cycle (3), and
evidence is accumulating that LCOs play a general role as plant
growth regulators (4-6). Previously we have developed meth-
ods to synthesize LCOs and demonstrated that these signaling
molecules, which trigger nodulation in legumes, also promote
cell division in tobacco protoplasts grown in the absence of
auxin and cytokinin (7). Notably, glycolipid signals carrying
fatty acids with double bonds in the trans configuration were
efficient at femtomolar concentration to alleviate the require-
ment for micromolar concentrations of auxin and cytokinin to
sustain growth of cultured tobacco protoplasts. LCOs in-
creased the levels of AXT] transcripts in protoplasts grown in
the absence of auxin. The AXII gene is auxin- and cytokinin-
responsive and its deregulated expression uncouples proto-
plasts from the normal effects of auxin on cell division (8).

In this study, we have investigated the minimum structural
requirements for LCOs to induce cell division of tobacco
protoplasts. We have used the AXII promoter in transient
expression assays to show that multiple signaling pathways for
AXII expression exist in tobacco cells.

MATERIALS AND METHODS

Synthesis and Purification of Glycolipids. Chitooligosac-
charides (Seikagaku Tokyo) were deacetylated at the nonre-
ducing end using recombinant NodB protein as described (9).
The primary amines were purified on a minicolumn of AG50
W-X4 (hydrogen form, Bio-Rad; ref. 10). Aminosugars (GalN
and GIcN, Sigma) and the deacetylated chitooligosaccharides
GlcN B-1,4-GlecNAc up to GleN (B-1,4-GlcNAc)s were N-
acylated with trans-9-octadecenoic acid (Sigma) by a described
procedure (11). Elaidic acid (51 umol) was dissolved in
acetonitrile (1 ml) and treated with triethylamine (56 pwmol,
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ICN) and 2-chloro-1-methylpyridinium iodide (51 wmol, Sig-
ma). The reaction was stirred under argon for 15 min at 30°C.
To attach the fatty acid to the free amino group of the
carbohydrate backbone, a solution of carbohydrate (17 wmol)
in dimethyl sulfoxide (2 ml) was added to the reaction mixture.
The mixture was stirred for 2 hr at 30°C under argon. Acylated
products were obtained by HPLC purification on a preparative
C18 column using an acetonitrile gradient as eluant. Depend-
ing on the length of the carbohydrate backbone, the yield varies
between 15% and 30%.

Construction of the Expression Plasmid Pax;-GUS. The
expression plasmid P,x-GUS (GUS, B-glucuronidase) con-
tains the 2.5-kb promoter fragment of the Arabidopsis thaliana
AXII gene (At AX1la) fused to the GUS A reporter gene (12).
The gene At AXIla was isolated from an Arabidopsis A Gem11
genomic DNA library using AX7/ cDNA from tobacco (8) as
a probe. At AXIla was subcloned into pBluescript (Strat-
agene), and the coding region was removed by digestion with
Notl, which cleaves within the initiation codon and vector. The
DNA fragment carrying the GUS gene together with the
poly(A) addition sequence was released from pRT103GUS
(13) by cutting with Ncol. To insert the reporter gene into the
expression vector, all ends were filled with Klenow polymer-
ase. Transient expression of Pax;-GUS induced by auxin
mimics the auxin-responsive expression of the endogenous
tobacco AXII as judged by Northern blot analysis (data not
shown).

Protoplast Bioassay. Protoplasts were isolated from tobacco
(SR1) leaf tissue. Cell division assays were performed as
described (7). Protoplasts were transfected with the expression
plasmid Paxi-GUS using PEG 4000 treatment as described
(14). Glycolipids dissolved in dimethyl sulfoxide were diluted
in Jensen medium containing 1% dimethyl sulfoxide, and were
added, at various concentrations, in a final volume of 50 ul to
3 X 10° transfected protoplasts (5 ml). Protoplasts were
incubated for 48 hr, and transiently expressed GUS was
determined as described (12).

RESULTS AND DISCUSSION

Effect of Carbohydrate Moiety on LCO Activity. LCOs of
rhizobial origin usually consist of a tetra- or pentameric
backbone of -1,4-linked GlcNAc residues (15). To study the
effect of the carbohydrate chain length on the ability of LCOs
to stimulate cell division of tobacco protoplasts, we N-acylated
glucosamine and terminally deacetylated chitooligosaccha-
rides (chitobiose to chitohexaose) with trans-9-octadecenoic
acid. The structural identity of these synthetic glycolipids was
confirmed by C18 reverse-phase HPLC, capillary GLC, and
TLC (7). Exogenously supplied GlcN-containing glycolipids
stimulated auxin-independent growth of cultured tobacco

Abbreviations: LCO, lipochitooligosaccharide; NAA, naphthalene
acetic acid; GUS, B-glucuronidase; CBMPP, 4-cyclobutyl-2-
methylpyrrolo-[2,3-D] pyrimidine.

*To whom reprint requests should be addressed.

13389



13390  Plant Biology: Rohrig et al.

mesophyll protoplasts at nanomolar to femtomolar concen-
trations, depending on the chain-length of the carbohydrate
moiety (Fig. 14). The N-acylated monosaccharide GlcN stim-
ulates maximal rates of cell division at 107° M and shows
half-maximal activity at 1072 M, indicating that additional
B-1,4-linked GIcNAc residues in the carbohydrate moiety are
not necessarily required for biological activity. Since the free
fatty acid alone is not active in the cell division assay (7), the
presence of a GlcN-containing carbohydrate residue in the
signaling molecule is essential for mitogenic activity. In con-
trast, a GalN moiety that differs from GIcN only in the
orientation of the hydroxyl group at C-4 renders the corre-
sponding glycolipid biologically inactive (Fig. 1A4). This sug-
gests that a putative binding protein can distinguish between
this single point of difference.
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FiGc. 1. Effect of carbohydrate chain-length on the ability of
synthetic glycolipids to stimulate division of tobacco protoplasts and
to activate the AXII promoter from Arabidopsis in transient expression
assays. The response of cultured protoplasts to glycolipids at concen-
trations of 1079, 10712, and 10~ !> M was determined in the absence of
auxin and in the presence of 1 uM kinetin. (4) Cell division assays.
Carbohydrate moieties were N-acylated with trans-9-octadecenoic
acid: GlcN (B-1,4-GlcNAc)3_5 (A); GleN (B-1,4-GlcNAc), (O); GleN
B-1,4-GlcNAc (e ); GlcN (m); GalN (OJ). Protoplast division assays
were performed as described (7). Data shown are representative of
three independent experiments performed in duplicate. (B) Structure
of the Paxi-GUS chimeric gene used for the transfection of tobacco
protoplasts. The AXIla promoter was fused to the GUS A reporter
gene. B, BamHI; N, Ncol; S, Sacl; X, Xhol. (C) Transient GUS
expression assays. Protoplasts were transfected with the expression
plasmid containing the chimeric Pax;-GUS gene. GUS activity was
measured in the cells after 48 hr as described (12). Data are expressed
as nanomoles of 4-methyl-umbelliferone released per microgram of
protein per hour and represent averages of three independent exper-
iments. Carbohydrate moieties, N-acylated with frans-9-octadecenoic
acid are indicated.
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Fic. 2. Different signaling pathways leading to the activation of
AXII transcription can be selectively blocked by specific inhibitors.
Tobacco protoplasts were transfected with the expression plasmid
containing Paxi-GUS. AXI promoter activity was monitored by mea-
suring the level of transiently expressed GUS (12). GUS activity is
expressed as nanomoles of 4-methyl-umbelliferone released per mi-
crogram of protein per hour. (4) Effect of a GalN-containing glyco-
lipid on LCO and auxin action. Cells grown in the presence of 1 uM
kinetin were either untreated (solid bars) or treated with the inhibitor
N-acyl GalN (open bars). Growth regulators in addition to kinetin are
indicated on top. For the N-acyl GalN inhibition experiments, proto-
plasts were treated with this glycolipid for 20 min before addition of
the different growth factors. Lanes: 1, N-acyl GlcN at 10~° M; 2, N-acyl
GalN at 1078 M followed by N-acyl GlcN at 10~° M; 3, N-acyl GleN
(B-1,4-GlcNAc)4 at 10715 M; 4, N-acyl GalN at 1012 M followed by
N-acyl GIcN (B-1,4-GlcNAc), at 10715 M; 5, 1-NAA at 5 X 1076 M;
6, N-acyl GalN at 107> M followed by 1-NAA at 5 X 10~¢ M. Data
represent means of three independent experiments performed in
duplicate. (B) Effect of 2-NAA on auxin and LCO action. Cells grown
in the presence of 1 uM kinetin were treated either with (open bars)
or without (solid bars; ref. 18) the anti-auxin 2-NAA. Growth regu-
lators in addition to kinetin are indicated on top. Protoplasts were
treated with 2-NAA for 20 min before addition of the different growth
factors. Lanes: 1, 1-NAA at 5 X 107% M; 2, 2-NAA at 5 X 107° M
followed by 1-NAA at 5 X 107° M; 3, N-acyl GlcN (B-1,4-GlcNAc)4
at 10715 M; 4, 2-NAA at 5 X 10> M followed by N-acyl GlcN
(B-1,4-GIcNAc)4 at 10~15 M. Data shown represent averages of three
independent experiments.
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Fic. 3. Effect of a cytokinin antagonist on LCO and phytohor-
mone action. Transfected protoplasts were either untreated (solid
bars) or treated with CBMPP (open bars; ref. 20). Growth regulators
in culture medium are indicated on top. For the inhibition experi-
ments, cells were pretreated for 20 min with the anti-cytokinin before
the addition of the different growth regulators. Lanes: 1, N-acyl GlcN
(B-1,4-GlcNAc)4 at 10715 M; 2, N-acyl GleN (B-1,4-GIcNAc)4 at 1071
M and kinetin at 10-¢ M; 3, anti-cytokinin CBMPP at 10> M followed
by the addition of N-acyl GleN (B-1,4-GlcNAc)4 at 10715 M and kinetin
at 107° M; 4, N-acyl GleN (B-1,4-GlcNAc)4 at 10715 M and 1-NAA at
5 X 107 M; 5, CBMPP at 107> M followed by N-acyl GlcN
(B-1,4-GIcNAc)4 at 10715 M and 1-NAA at 5 X 107° M; 6, 1-NAA at
5 X 107° M and kinetin at 10~° M; 7, CBMPP at 10> M followed by
1-NAA at 5 X 107 M and kinetin at 10=¢ M; 8, N-acyl GlcN
(B-1,4-GlcNAc)4 at 10715 M, 1-NAA at 5 X 107 M, and kinetin at
107 M; 9, CBMPP at 10> M followed by N-acyl GlcN (B-1,4-
GlIcNAc)4 at 10715 M, 1-NAA at 5 X 107° M, and kinetin at 107¢ M.
Values are expressed as nanomoles of 4-methyl-umbelliferone re-
leased per microgram of protein per hour and represent averages of
three independent experiments performed in duplicate.

Recent studies have shown that LCOs activate the expres-
sion of AXI1 in tobacco protoplasts, conferring on these cells
the ability to grow in the absence of auxin (7). AXI1 is believed
to be an auxin-responsive transcriptional activator involved in
transmission of mitogen signals to the nucleus (16). Since
deregulated AXII expression uncouples tobacco cells from the
normal effects of auxin on cell proliferation (8, 17), it is likely
that this putative transcription factor plays an important role
in auxin signaling. To monitor the effects of different growth
factors on AXI1 expression, the reporter gene GUS A was fused
to the AXIla promoter from A. thaliana to form the chimeric
Paxi-GUS expression plasmid (Fig. 1B). Tobacco protoplasts
transfected with Pax;-GUS were incubated with different
glycolipids at 107 M, 1072 M, and 10~ !> M concentration in
the absence of auxin but in the presence of cytokinin. After 48
hr, the level of transiently expressed GUS was determined and
found to increase with increasing chain-length of the carbo-
hydrate backbone. However, while the N-acylated GIcN was
still able to induce significant GUS activity, the elaidoylated
GalN epimer was inactive (Fig. 1C). Together, the overall
pattern of Paxi-GUS expression stimulated by different gly-
colipids correlates with the induction of cell division by the
same signals (Fig. 14).

LCO and Auxin Transduce Their Signals via Separate
Pathways. To examine the possibility that the N-acylated GalN
can compete with GlcN-containing glycolipids in activating the
AXlIla promoter, we tested this compound for its inhibitory
effect in transient GUS expression assays. We therefore pre-
incubated tobacco protoplasts, cultured in the presence of
kinetin, with an excess of this potential inhibitory analog prior
to adding N-acyl GIcN, N-acyl GlcN (B-1,4-GlcNAc)4, or
auxin. N-Acyl GalN was efficient in inhibiting the glycolipid-
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Fic. 4. Effect of specific inhibitors on the ability of LCOs and
phytohormones to induce cell division. Tobacco protoplasts were
either untreated (solid bars) or treated with specific inhibitors (open
bars) for 20 min before the addition of the different growth regulators.
Growth regulators in culture medium are indicated on top. Protoplast
bioassays were performed as described (7). Lanes: 1, N-acyl GlcN
(B-1,4-GIcNAc)4 at 10715 M and kinetin at 10~% M; 2, N-acyl GalN at
10712 M followed by the addition of N-acyl GlcN(B-1,4-GIcNAc), at
10~ M and kinetin at 107 M; 3, 1-NAA at 5 X 10~ M followed by
kinetin at 10~° M; 4, N-acyl GalN at 10~> M followed by 1-NAA at 5 X
107% M and kinetin at 107° M; 5, 2-NAA at 5 X 10> M followed by
1-NAA at 5 X 107° M and kinetin at 107° M; 6, 2-NAA at 5 X 107>
M followed by N-acyl GleN (B-1,4-GIcNAc)4 at 10-'5 M and Kinetin
at 107% M; 7, CBMPP at 10~> M followed by N-acyl GleN (B-1,4-
GIcNAc)4 at 10755 M and kinetin at 107° M. Data shown are means
of two independent experiments performed in duplicate.

activated expression of Pax-GUS, whereas in the same assay
the action of the auxin a-naphthalene acetic acid (1-NAA) was
not affected (Fig. 24). This observation suggests that in
tobacco cells these GlcN-containing glycolipids use a signaling
mechanism to induce AXII expression that is different from
the auxin signaling pathway. This interpretation is further
supported by the finding that in transient assays the anti-auxin
B-naphthalene acetic acid (2-NAA; refs. 18 and 19) inhibits the
action of 1-NAA, but not the ability of LCOs to induce the
AXIla promoter (Fig. 2B).

Cytokinin Modulates the Level of AXI1 Induction. In the
absence of cytokinin, the phytohormone auxin is not sufficient
to induce the AXIla promoter (data not shown), and LCOs
only weakly stimulate AXI expression in transient protoplast
assays. Thus, cytokinin is additionally required in combination
with auxin or LCOs to maximally stimulate Pox;-GUS expres-
sion (Fig. 3). To test this further and to obtain more informa-
tion on cytokinin action, we used the cytokinin inhibitor
4-cyclobutyl-2-methylpyrrolo-[2,3-D]-pyrimidine (CBMPP) in
transient assays (20). Exposure of transfected tobacco proto-
plasts to CBMPP specifically blocked cytokinin and reduced
transiently expressed GUS to LCO- and auxin-induced levels.
Furthermore, we found that treatment of transfected cells with
the anti-cytokinin failed to block the activation of Paxi-GUS
synergistically induced by auxin and LCOs (Fig. 3). It appears,
therefore, that cytokinin may function as an effector necessary
for LCOs and auxin to reach their full gene-activating ability.
However, it is not clear how cross-talk with the effects of LCOs
and auxin is mediated at the molecular level.

Activation of AXII Correlates with Growth Factor-Induced
Cell Division. The finding that different mitogenic plant
growth factors use distinct signaling pathways to activate AX11
expression suggests that these pathways may also be involved
in the control of cell division. Using the protoplast division
assay, we could show that the inhibitors N-acyl GalN, 2-NAA,
and CBMPP, which were used to inhibit the induction of AX11,
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F16.5. Schematic interpretation of the data. Induction of AXI1 by
LCOs involves a signaling route independent from the auxin pathway.
LCOs and auxin require the presence of cytokinin to stimulate
maximal AXI transcription that correlates with cell division. The
exogenously applied concentrations of growth factors are indicated.

significantly affect LCO, auxin, and cytokinin also in their cell
division-promoting activity (Fig. 4). This indicates that the
multiple signaling pathways leading to the induction of AXI1
expression correspond to mitogenic signaling pathways. Al-
though the exact role of AXI1 in stimulating mitogen-induced
cell division remains to be defined, our results suggest that
AXI1 participates in mitogenic signaling.

Multiple Signaling Pathways Regulate Cell Growth. The
emerging picture from our study is that tobacco cells have
independent growth-promoting pathways for LCOs, auxin,
and cytokinin leading to the activation of AXII expression.
These pathways can be separately blocked by specific inhibi-
tors. The inputs of LCO and auxin signals converge at a
common target upstream, or at the level of AXI7 induction.
Both signals, however, require the input from the cytokinin
effector pathway for full mitogenic activity (Fig. 5). Although
a number of proteins potentially involved in auxin signaling
have been recently identified (21), little is known about how
the extracellular LCO stimulus is converted into intracellular
signals controlling events regulating cell growth. Since it is
energetically favorable for LCOs to become embedded in lipid
bilayers of cellular membranes, this might explain why these
signals are active in one billion-fold lower amounts than auxin

Proc. Natl. Acad. Sci. USA 93 (1996)

and cytokinin. Identification of the mechanism by which the
LCO signal is perceived and subsequently propagated within
the cell should provide insight how this novel class of plant
growth regulators controls cell proliferation.
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