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At a nonpermissive temperature, somatic embryos of the temperature-sensitive (ts) carrot cell mutant ts11 only proceed
beyond the globular embryo stage in the presence of medium conditioned by wild-type embryos. The causative compo-
nent in the conditioned medium has previously been identified as a 32-kD acidic endochitinase. In search of a function
for this enzyme in plant embryogenesis, several compounds that contain oligomers of N-acetylglucosamine were tested
for their ability to promote ts11 embryo formation. Of these compounds, only the Rhizobium lipooligosaccharides or
nodulation (Nod) factors were found to be effective in rescuing the formation of ts11 embryos. These results suggest
that N-acetylglucosamine-containing lipooligosaccharides from bacterial origin can mimic the effect of the carrot en-
dochitinase. This endochitinase may therefore be involved in the generation of plant analogs of the Rhizobium Nod factors.

INTRODUCTION

An intriguing observation made in several recent studies is
that somatic embryogenesis appears to be highly dependent
on proteins that either promote (Cordewener et al., 1991; De
Jong et al., 1992; Kreuger and Van Holst, 1993) or inhibit
(Gavish et al., 1992) somatic embryogenesis. These proteins
most likely represent cell wall proteins, some of which may
have a function in the control of cell expansion (Van Engelen
and De Vries, 1992, 1993). However, the cell wall substrates
for these secreted proteins remain to be identified.

The carrot cell line ts11, obtained after chemical mutagene-
sis (Giuliano et al., 1984), was originally isolated on the basis
of its temperature-sensitive arrest in the trarisition of globular
to heart stage somatic embryos. This arrest could be overcome
by the addition of a mixture of proteins secreted by embryo-
genic wild-type cell lines (Lo Schiavo et al., 1990). The
extracellular protein 3 (EP3), which was responsible for the
observed ts11 embryo rescue, was identified as an acidic en-
dochitinase of 32 kD (De Jong et al., 1992). The effect of the
32-kD endochitinase on the development of ts11 embryos ap-
peared to be to promote the formation of proembryogenic
masses and globular embryos from ts11 suspension cells at
the nonpermissive temperature as well as to relieve the tem-
perature arrest of ts11 embryos at globular stage. These results
suggested that the 32-kD endochitinase affects ts11 embryo
development from proembryogenic mass formation until the
transition from the globular to heart stage embryo. In contrast
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with the aberrantly formed protoderm of ts11 globular embryos,
ts11 globular embryos formed in the presence of 32-kD en-
dochitinase exhibited a properly formed protoderm. This
suggested that the 32-kD endochitinase has a positive effect
on protoderm formation of ts11 globular embryos (De Jong et
al., 1992).

In view of the presumed absence of the only known natural
substrate for endochitinases, polymers of -1,4-linked N-ace-
tylglucosamine (chitin), in the cell walls of higher plants, it is
unlikely that the endochitinase affects an abundant structural
plant cell wall polymer. As put forward previously (De Jong et
al., 1992), the assumption must be made that the substrate
specificity of plant endochitinases is restricted to at least three
B-1,4-linked N-acetylglucosamines. However, this has only been
shown so far for a wheat germ endochitinase (Molano et al.,
1979).

Recent reports have described the structure of signal
molecules produced by Rhizobium bacteria as N-acetylglucos-
amine-containing lipooligosaccharides or nodulation (Nod)
factors. These molecules have been identified on the basis
of their ability to induce nodule organogenesis in roots of com-
patible legume host plants (Lerouge et al., 1990; Spaink et al.,
1991; Truchet et al., 1991). They consist of an oligosaccharide
backbone of four or five p-1,4-linked N-acetyl-D-glucosamines
with a C16 or C18 fatty acid group attached to the nonreduc-
ing end. Modifications of the sugar moiety such as addition
of an O-acetyl group or a sulfate group and the degree of un-
saturation of the fatty acid moiety determine the host range
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specificity of the rhizobia (reviewed by Fisher and Long, 1992;
Spaink, 1992).

An alternative hypothesis for the role of the carrot 32-kD en-
dochitinase would be that the enzyme releases a signal
molecule analogous to the Rhizobium Nod factors from a larger
and so far unidentified N-acetylglucosamine-containing pre-
cursor present in a low amount in the plant cell wall. To test
this hypothesis, several compounds that contain oligomers of
N-acetylglucosamine were tested for their ability to promote
proembryogenic mass and globular embryo formation in ts11.
Of these, the R. leguminosarum bv viciae lipooligosaccharide
NodRIv-V(Ac, C18:4) was found to be as effective as the 32-kD
endochitinase.

RESULTS

Rescue of ts11 Embryo Formation by the Rhizobium
Lipooligosaccharide NodRIv-V(Ac, C18:4)

Ints11 at the permissive temperature of 24°C, 1.6 somatic em-
bryos per 10,000 cells are formed. This is ~1% of the wild-type
level of 135 somatic embryos per 10,000 cells when incubated
under the same conditions (De Vries et al., 1988). At 32°C,
only very few embryos are formed in the absence of the 32-kD
endochitinase. In the presence of an optimal amount of en-
dochitinase, the number of somatic embryos formed at 32°C
is slightly higher than in unsupplemented cultures at the per-
missive temperature, as shown in Table 1. These results confirm
and extend the previously described dependence of tsi1

embryogenesis on the presence of the 32-kD endochitinase.
No effect was found of solubilized high molecular mass chitin
or N-acetylglucosamine pentamers (Table 1) or of N-acetylglu-
cosamine tetramers (results not shown) on ts1i1 embryo
formation. In contrast, the Rhizobium lipooligosaccharide
NodRIv-V(Ac, C18:4) at concentrations between 107 and
10~° M was able to promote the formation of proembryogenic
masses and globular embryos in the ts11 line, as shown in
Table 1 and Figures 1C and 1D. At the optimal concentration
(10-8 M) of NodRIv-V(Ac, C18:4), which is similar to the con-
centration used to induce nodule organogenesis in legume
roots (Spaink et al., 1991), the Rhizobium molecules were as
effective as the 32-kD endochitinase (Table 1 and Figures 1B
to 1D). NodRIv-V(Ac, C18:1), differing only in the presence of
one double bond instead of four in the fatty acid chain, is less
active in the rescue of ts11 embryo formation (Table 1). This
suggests that the fatty acid moiety of the lipooligosaccharides
is important for its effect on ts11.

At reduced concentrations, the synthetic plant growth regu-
lators 2,4-D and 6-benzylaminopurine (6-BAP) in combination
promote the formation of proembryogenic masses and globular
embryos in wild-type carrot cultures (Nomura and Komamine,
1985). Employed at the same concentrations, 6-BAP and/or
2,4-D did not promote ts11 proembryogenic mass and embryo
formation at 32°C (Table 1). These results suggest that the ef-
fects of the 32-kD endochitinase and NodRIv-V(Ac, C18:4)
cannot be mimicked by conventional plant growth regulators.
Except for the cultures supplemented with 6-BAP and/or 2,4-D,
in which cell proliferation was observed, all cultures were found
to be similar to untreated controls with respect to the total num-
ber of cells present after 3 weeks (results not shown).

Table 1. Rescue of ts11 Embryos by Endochitinase and by N-Acetylglucosamine-Containing Compounds

Mean No. of ts11 P Values

Embryos per Compared to

Compound Concentration (M) 10,000 Cells (sg)2  nb Control at 32°C¢
Control (no addition) at 24°C - 1.6 (0.5) 13 0.001
Control (no addition) at 32°C — 0.3 (0.1) 34 —
32-kD endochitinase 5 x 1078 2.4 (0.5) 32 0.000
Glycol chitin 0.0001% wiv 0.0 (0.0 4 0.256
N-Acetylglucosamine pentamer 109 0.0 (0.0) 4 0.410

1078 0.0 (0.0) 4 0.410

1077 0.3 (0.3) 4 0.867
NodRiv-V(Ac, C18:4) 102 1.0 (0.5) 16 0.043

108 2.4 (0.8) 24 0.000

1077 1.6 (0.6) 20 0.001
NodRIv-V(Ac, C18:1) 10~ 0.0 (0.0) 4 0.339

108 1.5 (1.5) 4 0.086

107 0.8 (0.8) 4 0.455
2,4-D 2 x 1077 0.3(0.3) 3 0.946
2,4-D + 6-BAP 2 x 1077/6 x 10~ 0.0 (0.0) 3 0.339

a The effect of addition of an optimal amount of the 32-kD endochitinase and of various N-acetylgiucosamine—containing compounds is ex-
pressed as the number of proembryogenic masses and globular embryos obtained per 10,000 suspension cells. The standard error of the mean

(SE) is included within parentheses.

b The number of individual assays (n) was obtained in 13 independent experiments.
¢ P values less than 0.05 are regarded as significantly different from the untreated control.




Figure 1. Rescue of ts11 Embryos.
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Cells and embryos were photographed by bright-field microscopy. Sections were photographed by bright- and dark-field microscopy. Silver grains

are visible as bright white dots in dark-field images.
(A) Control ts11 embryo culture at 32°C. Bar = 100 pm.

(B) Globular embryo in a ts11 embryo culture with 5 x 108 M of 32-kD endochitinase. Bar
(C) Proembryogenic mass in a ts11 embryo culture with 10~ M of NodRIv-V(Ac, C18:4). Bar

100 um.
100 pum.

]

(D) Globular embryo in a ts11 embryo culture with 108 M of NodRIv-V(Ac, C18:4). Bar = 100 um.

(E) Bright-field photograph of sectioned ts11 control cells at 32°C. pem, proembryogenic mass. Bar = 50 um.

(F) Bright-field photograph of a sectioned ts11 globular embryo formed in the presence of the 32-kD endochitinase. pd, protoderm. Bar = 100 um.
(G) Bright-field photograph of a sectioned ts11 globular embryo formed in the presence of NodRIv-V(Ac, C18:4). pd, protoderm. Bar = 50 um.
(H) In situ localization of EP2 mRNA in the section shown in (E). The arrow points to cells that express the EP2 gene.

(1) In situ localization of EP2 mRNA in the section shown in (F).
(J) In situ localization of EP2 mRNA in the section shown in (G).

Rescued ts11 Embryos Exhibit a Wild-Type EP2
Expression Pattern

To confirm that intact ts11 somatic embryos are formed after
exposure to NodRIv-V(Ac, C18:4), expression of the carrot
EP2 gene, previously identified as a marker for protodermal

differentiation in carrot proembryogenic masses and embryos
(Sterk et al., 1991), was examined by in situ mMRNA localiza-
tion. The results show that, in contrast to arrested ts11 embryos
that exhibit either a uniform (Figure 1H) or a diffuse subepider-
mal pattern of expression (Sterk et al., 1991), ts11 embryos
formed in the presence of the 32-kD endochitinase as well as
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in the presence of NodRiv-V(Ac, C18:4) express the EP2 gene in
its normal protoderm-specific fashion (Figures 1l and 1J,
respectively).

DISCUSSION

The carrot 32-kD endochitinase EP3 has been identified based
on its ability to promote proembryogenic mass and globular
embryo formation and its ability to rescue arrested globular
embryos of the temperature-sensitive mutant ts11 (De Jong
etal., 1992). In this work, several compounds were tested that
contain oligomers of N-acetylglucosamine for their ability to
promote ts11 proembryogenic mass and globular embryo for-
mation. Of these compounds, only the metabolic products
of the R. leguminosarum nod genes, which were identified
as N-acetylglucosamine-containing lipooligosaccharides
(Lerouge et al., 1990; Spaink et al., 1991; Truchet et al., 1991),
were found to be active. The products of the Rhizobium nod
genes, therefore, appear to have a biological effect on in vitro
embryogenesis in a nonleguminous plant.

Atfirst glance, root nodule development in legumes and so-
matic embryogenesis in carrot are two disparate systems.
However, a parallel may exist in that both require reinitiation
of meristematic cell division in previously nondividing plant
cells. In the Rhizobium-legume interaction, purified Rhizobium
Nod factors elicit root hair deformation and initiation of corti-
cal cell division in compatible interactions (Spaink et al., 1991).
One explanation for the effect of the Nod factors on ts11 is that
they may initiate meristematic cell divisions. In somatic em-
bryogenesis, meristematic cell divisions, characteristic of
proembryogenic mass formation, are generally initiated by ex-
ogenous auxins. In view of the multitude of physiological effects
of auxins (Palme and Schell, 1991), other signal molecules are
undoubtedly also involved. In line with this is the fact that no
significant effect on ts11 embryo formation at the nonpermis-
sive temperature was observed by commonly used plant growth
regulators, Morphological observations, which were confirmed
by the expression pattern of the protodermal marker EP2, reveal
aproperly formed protoderm of ts11 globular embryos formed
in the presence of the 32-kD endochitinase or NodRIv-V(Ac,
C18:4), which confirms previous morphological observations
(De Jong et al., 1992). Because, similar to zygotic embryogen-
esis (Jirgens and Mayer, 1993), the protodermal cell layer of
a somatic embryo is established well before the globular stage,
it is plausible that the positive effect observed on protoderm
formation of the 32-kD endochitinase and NodRIiv-V(Ac, C18:4)
is a consequence of their promotive effect on the initiation of
meristematic cell divisions giving rise to proembryogenic
masses.

Although both NodRIv-V(Ac, C18:4) and NodRIv-V(Ac, C18:1)
elicit root hair deformation in Vicia sativa subsp nigra, only
NodRivV/(Ac, C18:4) is able to induce nodule meristems
(Spaink et al., 1991). These results correlate with our finding
that NodRIv-V(Ac, C18:1) is less active in the rescue of ts11

embryo formation than NodRIv-V(Ac, C18:4) and may indicate
that the secondary structure of the fatty acid moiety is of
importance in both nodule formation and in somatic embryo-
genesis. However, it is not known whether the fatty acid chain
has a similar function in legume roots and carrot suspension
cells. _

In Rhizobium, the nodABC or common nod genes are
essential for the synthesis of the core lipooligosaccharide struc-
ture (reviewed by Fisher and Long, 1992; Spaink, 1992).
Introduction of the Rhizobium nodA and nodB genes in tobacco
resulted in plants with altered flower and leaf morphology
(Schmidt et al., 1991); this is postulated to be due to the gener-
ation of mitosis-stimulating compounds (Schmidt et al., 1988,
1991). The Rhizobium NodB protein has been identified as a
chitooligosaccharide deacetylase (John et al., 1993). This de-
acetylase causes characteristic morphological alterations in
transgenic tobacco plants; therefore, in tobacco, substrates
are apparently present that can be modified by NodB to form
specific plant growth signals (Schmidt et al., 1991). There are
only a few indications to suggest that plant cells indeed con-
tain oligomers of N-acetylglucosamine, other than those
present in the carbohydrate moiety of glycoproteins. The results
of Benhamou and Asselin (1989) indicate that chitin deriva-
tives may occur in secondary plant cell walls of various plant
species. Lipophilic molecules that can be degraded by
chitinase appear to be present in uninfected Lathyrus plants
(Spaink et al., 1993), but their biological relevance remains
to be determined. The Xenapus gene DG42, transiently ex-
pressed during early embryogenesis (Rosa et al., 1988), was
found to have sequence homology with the Rhizobium nodC
gene and with the yeast chitin synthase Il (CHS2) and cata-
lytic subunit of chitin synthase 1l (CSD2) genes (Sandal and
Marcker, 1990; Bulawa, 1992), suggesting that N-acetylglucos-
amine—containing signal molecules may be fairly common.

It is tempting to speculate that at least one member of the
large family of endochitinases has a function in the genera-
tion of plant-produced signal molecules from larger precursors.
In the case of ts11, this would imply that the Rhizobium Nod
factor mimics the activity of these putative endochitinase-
produced signal molecules. Although the correlations that may
exist between the carrot 32-kD endochitinase and the Rhizo-
bium Nod factors remain to be elucidated, it will now be of
interest to identify biologically active, plant-produced molecules
that have a similar effect as the Rhizobium Nod factors, with
the aid of responsive in vitro systems such as that described
here.

METHODS

tst1 Embryo Rescue Assays

Purification of the 32-kD endochitinase and embryo rescue assays
at 32°C with the temperature-sensitive mutant ts11 were performed
with newly initiated ts11 embryo cultures, as described by De Jong
et al. (1992). N-Acetylglucosamine tetramers were purchased from



Sigma and N-acetylglucosamine pentamers from Seikagaku Kogyo,
Tokyo, Japan, and were used without further purification. Lipooligosac-
charides were purified to homogeneity from Rhizobium culture
supernatants, as described by Spaink et al. (1991), and dissolved to
5 x 1075 M in 50% (v/v) acetonitrile in water. Concentrations were de-
termined, as described by Spaink et al. (1991). Dilutionto 2 x 108 M
was done in basal B5 plant culture medium. After autoclaving for 15
min, appropriate amounts were added to 2 mL of a resuspended 70-
to 170-um fraction of a 6-day-old ts11 suspension culture at 2500 clusters
per mL. Control experiments, performed with appropriate serial dilu-
tions of solvents (acetonitrile for the lipooligosaccharides and Tris-KCl
for the 32-kD endochitinase), did not show any adverse effects on ts11
embryogenesis (results not shown).

A generalized linear model (Aitkin et al., 1991) was used to relate
the number of somatic embryos both to treatment and experiment num-
ber. Because the number of somatic embryos obtained did not follow
a normal distribution, the Poisson distribution was used as error dis-
tribution and the logarithm as the link function to relate the scale of
measurement to the linear scale. The overall effect of treatment and
experiment number was assessed by means of F tests. Significant
differences between treatments (P < 0.001) and experiments (P = 0.006)
could be demonstrated. Comparison of individual treatments to the
unsupplemented control at 32°C resulted in the P values listed in
Table 1.

In Situ Hybridization

In situ hybridization with 35S-labeled antisense extracellular protein
2 mRNA was performed on fixed, paraffin embedded, and sectioned
3-week-0ld ts11 embryo cultures, as described previously {Cox and
Goldberg, 1988; Sterk et al., 1991). Hybridization was visualized as
bright white dots by dark-field illumination.
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