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Abstract Rhizobium chitolipooligosaccharides (CLOSs) are 
heterogeneous fatty acylated N-acetyl glucosamine oligomers 
with variations in both the polar (hydrophilic) oligosaccha- 
ride head group and the non-polar (hydrophobic) fatty acyl 
chain. They trigger root hair deformation and cortical cell di- 
visions in legume roots during development of the nitrogen- 
fixing root-nodule symbiosis. It has been proposed that only 
certain unique molecular species of CLOSs made by a particu- 
lar rhizobia can elicit these responses on the corresponding 
legume host, suggesting that receptor-mediated perception of 
CLOSs serves as a basis of symbiotic specificity. We evaluated 
the relative symbiotic importance of the hydrophilic and hy- 
drophobic structural domains of CLOSs by comparing the bi- 
ological activities of CLOSs from wild type R leguminosarum 
bv. trijolii ANU843 with that of various synthetic analogs. 
These tests were performed in axenic bioassays on the compat- 
ible symbiotic host, white clover (Trijolium repens) and the in- 
compatible non-host legume, alfalfa (Medicago sativa). Fluoro- 
chrome-tagged derivatives of the native CLOSs and the 
analogs were also prepared in order to evaluate the uptake 
and localization patterns of these molecules within host root 
cells. The results indicate a direct link between uptake and 
biological activities of Rhizobium CLOSs on legume roots. The 
smallest CLOS analog taken up and biologically active on 
white clover and alfalfa was a N-fatty acylglucosamine, without 
an essential requirement of oligomerization, fatty N-acyl un- 
saturation, or acetate/sulfate functiona1ization.l This sug- 
gests that N-fattyacylglucosamine is the common minimum 
structure required and sufficient for uptake and biological ac- 
tivity of CLOS glycolipids in these legumes, and that the vari- 
ous specific modifications of its polar head group and hy- 
drophobic tail modulate its inherent ability to further express 
these activities, thus influencing which legumes are capable 
of responding to CLOSs rather than dictating their biological 
activities per se.-Philip-Hollingsworth, S., F. B. Dazzo, and 
R. I. Hollingsworth. Structural requirements of Rhizobium chi- 
tolipooligosaccharides for uptake and bioactivity in legume 
roots as revealed by synthetic analogs and fluorescent probes. 
J. Lipid Res. 1997. 38: 1229-1241. 
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Rhizobium leguminosamm biovar trifolii-le- 

Rhizobia are bacteria that produce chi tolipooligosac- 
charides (CLOSs) that elicit root hair deformations 
(Had) and cortical cell divisions (Ccd) on roots of spe- 
cific leguminous host plants during development of the 
root-nodule symbiosis (1-4 and references therein). 
These glycolipids are p1,4linked N-acetylglucosamine 
oligomers in which the nitrogen of the non-reducing 
terminus is acylated with a long chain fatty acid. Individ- 
ual strains of rhizobia produce a diversity of CLOS gly- 
colipids that differ in degree of N-acetylglucosamine 
oligomerization (d.p. 3, 4, 5) and other functionaliz- 
ations (e. g., sulfate, acetyl, carbamoyl, fucosyl, N- 
methyl) in the oligosaccharide polar head group, and 
the structure of the N-fattyacyl component (degree of 
unsaturation, hydroxylation, chain length) (2). For in- 
stance, when grown with the appropriate flavone to acti- 
vate expression of its symbiotic nodulation (nod) genes, 
wild-type R kguminosarum bv. t~fo l i i  ANU843 (a rhizo- 
bial symbiont of clover) makes a diverse family of at  least 
22 related CLOS glycolipids consisting of chitotri-, tetra, 
and pentaoses bearing 0, 1, or 2 0-acetylations and a 
wide spectrum of saturated, unsaturated, and hydroxyl- 
ated fatty acids ranging in chain length from C14 C22 
(5, 6). The major fatty acid is czsvaccenic acid (C18:l) 
with lesser amounts of C18:0, C16:0, C16:1, C18:2, 
C20: 1, 3-hydroxy-C14:0, %hydroxy-C16:O, and 3-hy- 
droxy-Cl8 : 0. 

Several studies have reported that only certain 
unique molecular species of CLOSs made by a particu- 

Abbreviations: CLOS, chitolipooligosaccharide; Ccd, cortical cell 
divisions; Had, root hair deformations; NBD, 7-nitrobenzo-Z-oxa-1,3 
diazole; NMR, nuclear magnetic resonance; NF, nitrogen-free plant 
growth medium. 
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lar rhizobia can elicit the Had and Ccd responses on 
the corresponding legume host and that alterations in 
the nod genes controlling host range specify the diver- 
sity of their structural modifications (1-4 and refer- 
ences therein). These results have led to the general 
model suggesting that CLOSs serve as a basis of symbi- 
otic specificity and that the elicitation of these host-se- 
lective responses involves specific recognition of their 
unique structural features by some receptor on the host 
plant (1, 4). However, the results of several studies do 
not support this general model in its entirety. For in- 
stance, four studies have shown that CLOSs can also be 
perceived by non-legume plants, and in three of these 
studies plant responses were induced (7-10). Another 
major study using synthetic CLOSs found that 2-0- 
methylfucosylation (once thought to be an important 
functionalization of the polar head group of CLOSs 
that control the host range for Bradyrhizobium japoni- 
cum) was not essential for the ability of tetrameric 
CLOSs made by this rhizobia1 symbiont to induce nod- 
ule initiation in the homologous host Glycine soja ( 11). 
Other studies showed that the diverse family of CLOSs 
made by R. loti and R. etli were identical despite their 
clearly non-overlapping host ranges (1 2,13). Finally, we 
have recently found that the diverse Family of CLOS 
glycolipids isolated from the authentic uild type R. lee- 
minosarum bv. trifolii strain ANU843 (no gene modifica- 
tions) is fully capable of eliciting host-selective re- 
sponses at lo-” M (14), and is unchanged in an isogenic 
nodE::Tn5 mutant derivative despite a major change in 
this mutant’s legume host range (6). Considered collec- 
tively these studies raise questions on the importance 
of variations in CLOS structure in order to be “per- 
ceived” and be biologically active in eliciting symbiosis- 
related responses in specific legume hosts. 

From the theoretical point of view, it is unclear how 
the same receptor molecule in vivo could simulta- 
neously recognize structural features from such widely 
(spatially) separated parts of these amphiphilic mole- 
cules, such as its accessible oligosaccharide chain and/ 
or functionalizations in the polar head group and the 
middle of its less accessible N-acyl chain in the nonpolar 
tail that would be integrated into lipid bilayer mem- 
branes, micelles, or vesicles. It is also difficult to recon- 
cile the high degree of structural overlap between 
CLOSs of different rhizobia with the high degree of 
specificity that characterizes the Rhizobium-legume sym- 
biosis. Certain subtle structural differences, such as an 
extra double bond in a fatty acid chain, would not be 
sufficient to give any appreciably higher degree of bind- 
ing or interaction between one or the other CLOS spe- 
cies within the same family made by a given strain of 
rhizobia and any receptor system. This is because the 
binding energies involved with such structural features 

are only van der Waals in nature and are, therefore, very 
small. It is still possible, however, that there might be 
some conformational consequences to these modifica- 
tions if the process is receptor-mediated. For instance, 
there is the possibility that the introduction of a cis-dou- 
ble bond in the 2,3-position of the fatty acyl chain wwdd 
change the angle at which the oligosaccharide portion 
emerges from a membrane, micelle, or vesicle. How- 
ever, the fact that the double bond in question in the 
R. meliloti CLOS has the tranc geometry negates this pos- 
sibility as trans unsaturated double bonds and extended 
saturated alkyl chains have the same geometry. It is well 
established Fact that a trans double bond does n o t  altcr 
the regular packing of stacked parallel saturated hydro- 
carbon chains in lipid bilayers and does little to the total 
interaction energy (15). The trans double bond in the 
R. rneliloti CLOS is therefore conformationally and ciier- 
getically insignificant. 

As part of our studies to relate CLOS structure with 
their symbiotically important biological activity, we have 
addressed whether the wide spectrum of structural 
modifications in Rhizobium CLOSs is critical in their elic- 
itation of host-selective symbiosis-related responses. We 
predicted that if the fine structural details of CLOSs are 
unimportant, then analogs that embrace the general 
chemical properties of these bacterial glycolipids 
should be able to elicit many of the symbiosis-related 
host responses of the plant to the bacteria. Such analogs 
could be simpler structures having the critical N-fatty- 
acyl chain and a polar carbohydrate head group 
containing only one glycosyl residue. Because foreign 
molecules affect different plant species differently, it is 
anticipated that the intensity of responses to such mole- 
cules would vary among different hosts, therefore ap- 
pearing to exhibit some degree of plant selectivity. To 
test these hypotheses, we prepared two synthetic mo- 
noglycosyl analogs of CLOS, one having the same di- 
unsaturated C:16:2 fatty acyl chain as found in the 
“host-specific’’ CLOS of the alfalfa symbiont, R. mrliloti, 
and the other having a simple, saturated C16:O alkyl 
chain. The C16:O-acylated monosaccharide analog was 
also further structurally disconnected (reduced) to an 
N-acylated 3-carbon fragment that was derived from 2- 
amino-1,Sdihydroxy-propane (serinol) . The latter ana- 
log allowed us to test whether the N-acylated monosac- 
charide or a derivative of it with a smaller polar head 
group was the minimum structure that could induce the 
biological responses. It also allowed us to better define 
the hydrophilic/ hydrophobic balance required for bio- 
logical activity. Also, if host responses similar to those 
elicited by naturally occurring CLOSs are obtained with 
these analogs, it would be important to compare their 
uptake by plant cells. To determine this, we tagged the 
reducing glycosyl residue at the polar end of the native 
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CLOSs from wild type R kguminosamm bv. trifolii 
ANU843 and the synthetic N-C16 : 0-acylGlcN analog 
with a relatively small, uncharged fluorescent probe to 
facilitate uptake studies by fluorescence microscopy. 
These studies have indicated a direct link between u p  
take and biological activities of Rhizobium CLOSs on le- 
gume roots, and identified N-fattyacylglucosamine as 
the minimal structure of CLOS analogs essential for bio- 
logical activity and uptake on clover and alfalfa, without 
a requirement of oligomerization, fatty N-acyl unsatura- 
tion, or acetate/sulfate functionalization. Portions of 
this work were recently presented (16, 17). 

MATERIALS AND METHODS 

Synthesis of N-fatty acylglucosamine derivatives 

To prepare N-C16 : 0-acylGlcN, glucosamine hydro- 
chloride (2.17 g, 10 mmol) and palmitic acid (3.07 g, 
12 mmol) were dissolved in 1:l EtOH/H,O (30 ml). 
To this was added 1-( 3dimethylaminopropyl)-3ethyl- 
carbodiimide hydrochloride (2.9 g, 15 mmol) and the 
reaction mixture was stirred at 25°C for 14 h. The mix- 
ture was then concentrated to dryness and treated with 
acetic anhydride (15 ml) and pyridine (30 ml) at 25°C 
for 14 h. It was then concentrated to a minimum vol- 
ume, mixed with 30 ml of chloroform, and then ex- 
tracted with water. The chloroform layer was concen- 
trated to dryness and purified by silica gel column 
chromatography (eluant: petroleum ether-acetone 3 : 
1) to yield the peracetylated derivative of N-C16:O- 
acylGlcN. The latter was deacetylated by stirring with 50 
mM sodium hydroxide in methanol at 10°C for 20 min, 
acidified with acetic acid, concentrated to dryness, ex- 
tracted with chloroform, and evaporated to dryness to 
yield the final product. The purity of the latter was es- 
tablished by TLC (solvent system: petroleum ether-ace- 
tone 3:2) on silica. The same method was used to pre- 
pare N-C16:2-acylGlcN. The C16:2A2.9 fatty acid was 
prepared by a Wittig reaction between the triethyl phos- 
phite adduct of ethylbromoacetate and the correspond- 
ing unsaturated aldehyde, ci~7-tetradecenal. This was 
accomplished by treating the unsaturated aldehyde (2 
g, 4.75 mmol) in tetrahydrofuran (50 ml) with butyl 
lithium (0.37 g, 5.7 mmol) under nitrogen. To this was 
added carboxymethyltriethoxyphosphonium bromide 
ethyl ester (1.28 g, 5.7 mmol) and the reaction mixture 
was stirred for 15 min while kept cold in an acetone- 
dry ice mixture, followed by stirring at 25°C for 10 h. 
Excess butyl lithium was destroyed by adding acetic 
acid. Toluene (200 ml), water (100 ml), and petroleum 
ether (50 ml) were then added and the reaction mix- 

ture was stirred well. The organic layer was separated 
from the aqueous phase and the former was evaporated 
to dryness to yield the ethyl ester. This was converted 
to the free acid by stirring with 50 mM sodium hydrox- 
ide in t-butanol for 12 h, after which it was acidified with 
trifluoroacetic acid (4 ml), concentrated to dryness, 
and partitioned between chloroform and water. The 
chloroform layer was evaporated to dryness to yield the 
product which was purified by distillation under high 
vacuum (0.01 mm in a bulb-to-bulb apparatus). 

Synthesis of N-C 16 : 0-acylserinol 

Palmitic acid (1 g) was converted to its methyl ester 
by refluxing with 5% HCl/methanol for 2 h and then 
evaporating the reaction mixture to dryness. The prod- 
uct was dissolved in diglyme (10 ml), serinol (0.75 g) 
added and heated at 130°C for 14 h. The reaction mix- 
ture was then poured into water and cooled by immer- 
sion in an ice bath. The solid that separated out was 
filtered at the pump and the excess serinol was washed 
away with cold water. The solid was dissolved in chloro- 
form (10 ml) and the chloroform layer was washed with 
water, decolorized by refluxing with charcoal for 10 
min, filtered, and evaporated to dryness. The purity of 
the product was verified by thin-layer chromatography 
(chloroform-methanol 9 : 1 on silica layers). 

Synthesis of the fluorescent NBD-CLOS conjugates 

Fluorescent conjugates of CLOSs and CLOS analogs 
were prepared by covalently attaching 7-nitrobenzo-2- 
oxa-1 ,%diazole (NBD) to their reducing termini. To 
prepare the NBD-conjugate of the N-acylGlcN, 50 mg 
N-CI 6: 0-acylGlcN peracetate, 0.1 ml 2-bromoethanol 
and 10 p1 trifluoroacetic acid were mixed together and 
heated at 60°C for 2 h, then diluted with water and ex- 
tracted with chloroform. The chloroform layer was 
evaporated to dryness, redissolved in 2 ml of concen- 
trated ammonia solution, sonicated briefly, and kept at 
25°C for 14 h. It was then heated at 50°C for 1 h, evapo- 
rated to dryness, and dissolved in 1 ml of 2 M sodium 
bicarbonate solution. To this was added 100 mg of NBD 
chloride (Aldrich Chemical Co., Milwaukee, WI). This 
reaction mixture was heated at 60°C for 30 min, then 
diluted with water (2 ml), extracted with chloroform (2 
X 1 ml) and the chloroform layer was evaporated to 
dryness. The product was then purified by preparative 
layer chromatography using silica (solvent system: chlo- 
roform-acetone, 3: 1). This TLC system resolved three 
fluorescent bands (excitation at 366 nm) at RJ0.3, 0.5, 
and 0.75. Each band was scraped, eluted with chloro- 
form-acetone-methanol 1 : 1 : 1, evaporated to dryness, 
redissolved in chloroform, and analyzed by 'H-NMR 
spectroscopy. The fluorescent band at R/0.3 yielded the 
desired NBD-conjugated product while the one at R, 
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0.75 gave free unconjugated NBD chloride. The re- 
solved band with the Rf 0.5 was not analyzed further. 
Other NBDconjugates were prepared by the same 
method, using 1 mg of chitotriose (Sigma Chemical 
Co., St. Louis, MO) and 3 mg of CLOSs isolated from 
R leguminosarum bv. tnifoliiANU843 (5), except that the 
conjugates were purified by adsorbing the entire reac- 
tion mixture onto a C-18 reverse phase cartridge in pure 
water and eluting stepwise with increasing 5 ml volumes 
of solvent (100% water; 20% acetonitrile/water; 50% 
acetonitrile/ water; 80% acetonitrile / water; and 100% 
acetonitrile). Fractions were checked by 'H-NMR spec- 
troscopy and those containing the NBD-conjugate were 
purified further using the same scheme. The NBD-chi- 
totriose and NBD-CLOS conjugates eluted in the 20% 
and 50% acetonitrile/water fractions, respectively, 
whereas the free NBD chloride eluted with 100% aceto- 
nitrile. 

NMR analyses 

NMR spectra were recorded on a Varian VXR3OO 
(300 MHz for 'H, '75 MHz for I3C) or VXR500 (500 
MHz) spectrometer at 25°C in either deuterated chloro- 
form, deuterated methanol, or deuterated dimethyl 
sulfoxide. The chemical shifts were recorded relative to 
an external trimethylsilane standard. 

Axenic seedling bioassays 

Axenic seedlings of Dutch white clover (7: repens) and 
Gemini alfalfa ( M .  sativa) were prepared by surface-ster- 
ilization and germination of seeds on Fahraeus nitro- 
gen-free plant growth medium (NF) as previously de- 
scribed (18). A working stock of CLOSs and CLOS 
analogs were prepared by suspension in NF medium at 
lo-" M, treated at 100°C for 30 min, and verified as ster- 
ile by plating an aliquot on BIII and trypticase soy agar. 
This heat treatment did not alter the biological activity 
of ANU843 CLOS (G. Orgambide and F. B. Dazzo, un- 
published observation). Sterile NF medium was used as 
the diluent and untreated control throughout. Seedling 
assays for induction of Had were performed on plates 
of NF medium solidified with 0.7% agarose with 2 days 
incubation in the plant growth chamber (19). Axenic 
seedling assays for induction of Ccd were performed on 
similar plates incubated for 2 weeks (14), or in enclosed 
tubes containing the diluted samples in 10 ml of sterile 
NF-agarose medium and incubated for 1 month (20). 
Purified synthetic CLOS analogs were assayed on both 
legumes at and M, representing concentra- 
tions of CLOSs that typically elicit Had and Ccd re- 
sponses on legume hosts. Roots were then removed, 
cleared, stained, and scored microscopically (14, 19, 
20). Each treatment was replicated with 9 plants incu- 
bated under microbiologically controlled conditions. 

Uptake and internalization of fluorescent NBD- 
conjugates 

Axenic seedlings were grown for 2 days on NF agarose 
plates, rinsed with NF liquid medium, transferred to mi- 
croscope slides, and incubated at room temperature 
with 10 pL of the various NBD-conjugated CLOS deriva- 
tives, each at M in NF. Seedlings were then rinsed 
and mounted in NF medium. To evaluate the internal- 
ization process, seedlings were examined by laser scan- 
ning microscopy in the epifluorescence confocal mode, 
using a Zeiss 210 Laser Scanning Microscope with 488 
nm laser and 520 nm longpass barrier filter. For quanti- 
tative evaluations, four seedlings per treatment were ex- 
amined by conventional epifluorescence microscopy us- 
ing a Zeiss Research Photomicroscope 1 with a HBO-50 
mercury illuminator, No. 11 dichroic filter set (band 
pass exciter combination BP450-500, dichroic beam 
splitter FT510, longwave pass LP528 barrier filter) and 
Neofluor objective. 

RESULTS 

Synthesis of CLOS analogs and NBDconjugates 

N-C16: 0-acylGlcN was prepared by the scheme in Fig. 
1. The product was peracetylated for easier isolation 
from the reaction mixture and its structure was con- 
firmed by 'H- and I3C-NMR spectroscopy (Figs. 2AB). 
The 'H-NMR spectrum (Fig. 2A) contained resonances 
due to the methyl and methylene protons of the fatty 
acyl component (0.8 and 1.2 ppm, respectively), O-ace- 
tyl groups (2.0-2.2 ppm), and the carbohydrate protons 
(H6,H6' at 4.0 and 4.2 ppm, H2-H5 between 4.4-6.0 
ppm and H1 at 6.15 ppm). The I%-NMRspectrum (Fig. 
2B) supported the proton NMR data and clearly showed 
that the product contained all the resonances of the six 
carbons of the a-anomer of the carbohydrate moiety 
(50-100 ppm) in addition to six less intense peaks for 
the panomer. This spectrum also contained the ex- 
pected resonances arising from the methyl and methy- 
lene carbons of the fatty acid (14-36 ppm) and car- 
bonyl groups (168-174 ppm). 

N-C16: 2-acylGlcN was synthesized using the reactions 
outlined in Fig. 1 except that palmitic acid was replaced 
with the C16.2"':' fatty acid. The 'H-NMR spectrum of 
the ethyl ester of this diunsaturated fatty acid prepared 
by the Wittig-Horner reaction showed a multiplet at 5.3 
ppm due to the G 9  and C-10 olefinic protons, a doublet 
(J = 15 Hz) at 5.8 ppm for the G2 vinyl proton, and a 
doublet of triplets (J = 7 + 15 Hz) at 6.9 ppm for the 
vinyl C-3 proton. The chemical shifts and splitting pat- 
tern of these four protons are consistent with a tmns 
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Fig. 1. Reaction scheme for synthesis of N-C16:O-acylGlcN from glucosamine and palmitic acid. 

and cis configuration of the olefinic linkages at G2 and 
C-9, respectively. The free fatty acid obtained after hy- 
drolysis of the ethyl ester was then coupled to glucos- 
amine as outlined earlier (Fig. 1). 

N-C16 : 0-acylserinol was prepared by treating serinol 
with the methyl ester of palmitic acid. Its 'H-NMR spec- 
trum contained resonances for the fatty acid compo- 
nent at 0.8 (methyl protons), 1.25 (methylene protons), 
and 2.15 (methylene adjacent to carbonyl) ppm. In ad- 
dition, there was a multiplet at 3.5 ppm arising from 
the methylene protons of the serinol moiety. This ap- 
peared as strong central peaks with low intensity wings 
characteristic of the AB component of an ABX spin sys- 
tem in which AVV =JAB. The methine proton of the se- 
rinol moiety appeared as a quintet at 3.81 ppm (J = 7 
Hz). The spectrum contained minor peaks due to the 
tautomeric form of the amide. 

Fluorescent NBD conjugates were prepared by con- 
verting CLOSs and CLOS analogs to aminoethyl glyco- 
sides and alkylating the amino groups with NBD. In this 
procedure, only one NBD moiety can attach per CLOS 
molecule, as it can only be linked at the reducing end. 
Verification of the desired conjugated product, after ex- 
tensive purification, was established by 'H-NMR spec- 
troscopy. Figures 3A and 3B illustrate the scheme for 
synthesis of NBD-conjugates of CLOS analogs and the 
'H-NMR spectrum of the final purified product using 
the example of the NBD-N-C16: 0-acylGlcN conjugate, 
respectively. The presence of the NBD group was indi- 
cated by the two aromatic proton signals which appear 
as a pair of AB doublets at 6.42 and 8.52 ppm. Also pres- 
ent were the resonances for the carbohydrate moiety 
(3-4 ppm) and the fatty acid chain (methyl at 0.9 ppm, 
methylene groups at 1.3 ppm, methylene group adja- 
cent to carbonyl at 2.2 ppm) . The NBD-CLOS and chi- 

totriose conjugates were prepared by the same proce- 
dure and the presence of the AB doublet in the NMR 
spectrum verified the presence of the conjugated fluo- 
rochrome moiety. 

Purity and identity of the synthesized CLOS analogs 
and its NBD-conjugates were established by a combina- 
tion of TLC, reversed phase chromatography, and the 
above results of NMR spectroscopy. No residual uncon- 
jugated NBD was detected in any of the preparations 
by thin-layer chromatography analysis. Free NBD has 
chromatographic properties radically different from 
the conjugates. For instance, it cannot be eluted from a 
C-18 cartridge with the solvents used to purify the NBD- 
CLOS conjugates and runs way ahead of the conjugates 
on straight phase. The & difference between the conju- 
gated N-C16 : 0-acylGlcN and the underivatized acylated 
glucosamine was also extremely large making it possible 
to obtain the conjugate without any contamination by 
the unlabeled molecule. The purity of the samples was 
also supported by the 'H- and l3GNMR spectroscopy 
results. 

Biological activities of ANU843 CLOSs and synthetic 
CLOS analogs 

Table 1 summarizes the Had and Ccd biological activ- 
ities of native CLOSs from wild type R kguminosarum 
bv. trzifolii ANU843 and various CLOS analogs on axenic 
seedlings of white clover and alfalfa. Native ANU843 
CLOSs induced Had and Ccd in roots of the host le- 
gume, white clover, but not in the non-host legume, al- 
falfa, consistent with previous studies (5, 14). The 
synthetic analogs, N-C16:O-acylGlcN and N-C16:2- 
acylGlcN, induced weakly positive Had responses at fre- 
quencies above background (i.e., in 25-30% vs. 0-6% 
of the root hairs) in both legumes when assayed at 
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Fig 2. 
carbon atoms of the glycosyl residue. 

(A)'H- and (B) "C-NMR spectra of N-C16:O-acylClcN. The resonances labeled 1-6 represent the six 

M. However, at lo-", both analogs induced weakly pos- 
itive Had responses only on white clover. Both synthetic 
analogs at lo-' and M induced intense Ccd re- 
sponses significantly above the background frequency 
of spontaneous foci of Ccds on both legumes. These 
results indicate that sufficient structural information is 
provided by these two N-fattyacylglucosamine CLOS an- 
alogs to elicit Had and Ccd responses on both white 
clover and alfalfa, and that unsaturations in their N-fat- 
tyacyl moiety are not essential for induction of these 
symbiosis-related responses on these legumes. Further 
comparison of the frequency of these plant responses 
to the two CLOS analogs indicated that these unsatura- 
tions in the N-fattyacyl moiety enhanced the Ccd (but 
not Had) induction activity on alfalfa (as indicated at 

M ) ,  but were without effect on either Had or Ccd 

activities on white clover. Hence, although not re- 
quired, unsaturation of the N-fattyacyl moiety did in- 
fluence the intensity of host Ccd responses to these 
CLOS analogs in certain legumes. In contrast to the 
above results, neither chitotriose nor the synthetic ana- 
log N-C16: 0-acylserinol induced Had or Ccd responses 
on either plant in these axenic bioassays. 

The morphological responses of root hairs and the 
root cortex to the synthetic N-acylGlcN CLOS analogs 
differed somewhat on the two legumes tested. Whereas 
native CLOSs of homologous rhizobia most commonly 
induced branching of alfalfa root hairs (2 1 ) and irregu- 
lar distortions of white clover root hairs (14), the most 
common root hair deformations induced by the N-fatty- 
acylglucosamine analogs of CLOS were corkscrews on 
alfalfa and balloon tip swellings on clover. All of these 
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Fig. 3. (A) Reaction scheme for synthesis of the NBD-N-C16:O-acylGlcN conjugate and (B) 'H-NMR spectrum of NBD-N-Cl6:O-acylGlcN 
conjugate. The doublets at 6.4 and 8.5 ppm are due to the aromatic protons of the NBD group. The narrow doublet at -4.95 ppm is from 
the anomeric proton. The signals from the linker group and the carbohydrate ring appear between 3.2 and 4 ppm. Signals for the methylene 
groups adjacent to the carbonyl function appear at 2.2 ppm and those for the bulk methylene groups of the alkyl chain are at 1.3 ppm. The 
methyl group signals appear at 0.9 ppm. 
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TABLE 1. Induction of root hair deformation (Had) and foci of' cortical cell divisions (Ccd) responses on 
Dutch white clover and Gemini alfalfa by native CLOSs and NBD-conjugates of CLOSs from wild type R. 

leguminosarum bv. tnjdzi ANU843, and by synthetic CLOS analogs 

Test Plant Treatment (:OllC. ( M )  Had Response < i d  Reqponw 

Clover 

Clover 
Clover 
Clover 
Clover 

Clover 
Clover 
Clover 
Clover 
Clover 
Clovcr 
Clover 
Clover 
Clover 
Clover 
Alfalfa 
Alfalfa 

Alfalfa 
Alfalfk 
Alfdt'~ 
Alfalfa 
Alfalfa 
Alfalfa 
Alfalfa 
Alfalfa 

Alfalfa 

NF Control 

(:Loss 
CLOSS 
NBD-CLOSS 
NBD-CLOSs 

CLOSS 
CLOSS 
N-C 16 : 0-acylGlcN 
N-CI 6: 0-acylGlcN 
N-C16: 2-acylGlcN 

N K l 6  : 0-acylserinol 
N-C16: 0-acylserinol 
Chitotriose 
Chitotriose 
NF Control 
CLOSS 
CLOSS 
N-(:I 6: 0-acylClcN 
NC16:  0-acylGlcN 
N-C 16 : 2-acylGlcN 
N-C 16 : 2-acylGlcN 
N-C16: 0-acylserinol 
N-CI 6: 0-acylserinol 
Chitotriose 
Chi to triosc 

N-CI6: Z-acylGlcN 

0 

5 x 1 0 '  
5 x lo-" 
5 x 1 0 7  
5 x 10 (' 

IO 
10 <' 

10 
10 " 

10 
10 " 
10 
10 
10 
I O  'I 

0 
I O  - 
IO " 

IO - 
IO " 
10 - 
IO 
10 - 
IO 
10 - 
10 'I 

0.25 t 0.17 

3.39 t 0.13 
2.00 t 0.19 
3.39 t 0.20 
2.28 t 0.19 

2.20 t 0.30 
2.40 t 0.20 
1.33 t 0.28 
1.06 t 0.26 
0.94 I 0.11 
0.89 t 0.16 
0.17 t 0.17 
0.00 2 0.00 
0.11 t 0.07 
0.17 t 0.08 
0.00 t 0.00 
0.10 t 0.10 
0.00 t 0.00 
1.11 -t 0.23 
0.11 I 0.07 
1.28 t 0.22 
0.11 t 0.07 
0.00 t 0.00 
0.00 t 0.00 
0.11 t 0.07 
0.11 t 0.07 

0.20 I 0.20 

6.00 z 0.70 
3.40 t 0.30 
4.50 t 0.40 
5.30 f 0.70 

7.30 2 0.90 
5.70 t 0.60 
8.75 f 1.60 
6.2.5 f 1.01 
7.00 f 1.61 
7.63 f 1.89 
0.14 I 0.14 
0.17 t 0.17 
0.33 t 0.17 
0.22 t 0.15 
1.33 f 0.33 
1.20 ? 0.30 
0.80 t 0.30 
9.71 t 2.82 
4.88 t 0.88 
i.38 -f 1.40 
9.13 5 1.72 
0.11 2 0.11  
0 . 1  ?I 5 0. I 3  
0.11 t 0.1 I 
0.25 t 0.16 

- '  

Values reporrcd are the means f S E  for 9 plant replicates per treatment in axenic seedling bioassays. 

types of root hair deformations are induced on the host 
legume by the homologous rhizobia1 symbiont. Various 
morphologies characterizing the foci of cortical cell di- 
visions were recognized (compare Figure 4A control 
with Figs. 4B-F). These included a highly localized re- 
gion of Ccd represented by just a few cells (Fig. 4B), a 
more extensively involved region spanning a wider dis- 
tance along the root without a discrete meristem (Fig. 
4C), and a discrete nodule-like primordium within the 
root cortex (Figs. 4D and 4F). Some foci of Ccd devel- 
oped into emerged nodules on axenic alfalfa roots incu- 
bated with these CLOS analogs (Fig 4E) but not in the 
untreated controls. In contrast, the Ccd response in clo- 
ver developed up to the stage of a nodule primordium 
(Fig. 4F), but none fully emerged from the root. 

Uptake and internalization of NBD-CLOS conjugates 
in root cells 

NBD-conjugates of ANUS43 CLOSs retained the abil- 
ity to induce both root hair deformations and foci of 
cortical cell divisions in white clover roots (Table l ) ,  
providing evidence that the NBD-fluorophore itself did 
not impose a confounding effect on the biology of the 
system. Laser scanning confocal microscopy of white 
clover roots after short-term incubation with the NBD- 
CLOS conjugate showed rapid uptake of these fluores- 

cent molecular probes into root hairs and other epider- 
mal cells (Fig. 4G). More detailed examinations of roots 
after brief incubation with the fluorescent conjugate 
provided evidence that CLOSs rapidly traversed the 
root hair wall, were inserted within the plasma mem- 
brane, and were internalized with a portion remaining 
within the nucleus and other portions migrating to the 
base of the root hair and disseminating into underlying 
cortical cells (Figs. 4H-K). Root hairs on roots exposed 
to the NBD-CLOS conjugate for 24 h were deformed 
and still fluorescent (Fig. 4L). These same fluorescence 
optics revealed no autofluorescence of root hairs on un- 
treated plants or plants treated with unconjugated 
ANU843 CLOSs. 

To further investigate internalization of the fluores- 
cent conjugate within the intact clover root, we exam- 
ined longitudinal optisections that transect the epider- 
mal cell layer and several underlying cell layers within 
the root cortex, above the pericycle. Figures 4M-N are 
typical confocal optisections that sample the cortex at 
different depths below the root surface. This procedure 
detected fluorescence within some epidermal cells, at 
the periphery of other epidermal cells, and also within 
some underlying cortical cells. The root cortex of white 
clover consists of 4-5 subepidermal cell layers, and evi- 
dence for uptake of the fluorescent conjugate into in- 
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Fig. 4. (A-F) Induction of mitogenic responses in the cortex of legume roots by the synthetic CLOS analog, N-C16:2-acylglucosamine. 
(A) Untreated alfalfa control (same as white clover control). (B-E) alfalfa and (F) white clover treated with N-C16:2-acylClcN. (G-N) Laser 
scanning confocal fluorescence micrographs of white clover roots after incubation with NBD-labeled CLOSs from R leguminosamm bv. fri/olii 
ANU843. (C) General view of the root after 1 h incubation. (H-K) Real-time series longitudinal optisections of a root hair after incubation 
for 15 min (H) ,  20 min (I) ,  25 min (J). and 60 min (K); n, nucleus; arrowhead, protoplast membrane. (L) Fluorescent deformed root hairs 
(24 h). (M-N) Fluorescent epidermal (e) and cortical (c) cells (1 h). Control roots were not fluorescentwhen incubated with unlabeled CLOSs. 
Bar scales are 125 pm for A, 25 pm for B 200 pn for C and E 100 pm for D, F, G and L; and 10 pm for H-K. 
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Fig. 5. Location and distribution of white clover mot cortical cells 
that have internalized NBDconjugates of ANUS43 CLOSa and chit- 
triose relative to the seedling root tip. Periods of incubation with the 
NBD-conjuptes are indicated. 

terspersed cells within four cell layers of the root cortex 
was found (Fig. 4M-N). Examination along the entire 
length of intact roots after 30 min incubation with the 
NBD-CLOS conjugate indicated that this molecular 
probe had entered cortical cells, located primarily be- 
neath the intact root hair region (Fig. 5). Strikingly, 
after more extended incubation, most fluorescent corti- 
cal cells were located in a zone within the root hair re- 
gion between 1.4 and 2.0 mm from the root tip (Fig. 
5). 

To further evaluate the uptake of the NBD-CLOS 
conjugate into plant cells, we determined the propor- 
tion of fluorescent root hairs along the optical median 
plane of roots after 1 h incubation with this molecular 
probe. This quantitative assay provided evidence that 
ANUS43 CLOSs were internalized by a significantly 
higher proportion of root hairs of the compatible host 
white clover than of the incompatible non-host legume, 
alfalfa (Fig. 6). In contrast to the responses of the white 
clover host, ANUS43 CLOSs did not induce root hair 
deformations or foci of cortical cell divisions in the non- 
host legume alfalfa (Table 1). Thus, these two legumes 
differed significantly in ability to internalize ANUS43 
CLOSs, and a link between uptake and induction 
of symbiosis-related responses by wild-type rhizobial 
CLOSs was indicated. 

We also used NBD-conjugates to assess the structural 
requirements for uptake of CLOS analogs into root cells 
of white clover and alfalfa. Root hairs and underlying 
cortical cells exhibited only background marginal fluo- 
rescence after roots of both legume plants were incu- 
bated for even extended periods with the NBD-conju- 
gate of the CLOS analog, chitotriose (lacks the N-acyl 

Fq. 6. Proportion of mot hain that internalize NBDconjugates of 
ANUM3 CLOSa and CLOS analogs after 1 h incubation. 

fatty acid) (Figs. 5 and 6). Interestingly, 50-70% of the 
root hairs of both white clover and alfalfa were fluores- 
cent after 1 h incubation with the NBD conjugate of N- 
C16:O-acylGlcN. Fewer white clover root hairs displayed 
internal fluorescence after incubation with NBD-N- 
C16:O-acylGlcN than with NBD-CLOSs (Fig. 6). This 
was likely due to lower availability of labeled analog be- 
cause of solubility problems of the N-Cl6:O-acylGlcN 
conjugate in the highly aqueous medium in which the 
experiments were carried out. 

DISCUSSION 

Recent studies with synthetic CLOSs clearly indicate 
a degree of structural flexibility in functionalization of 
CLOS oligomers displaying nodule initiating activity in 
the legume Gljcine squ (1 1). Therefore, if induction of 
biological activity is mediated through a specific recep 
tor pathway, then there would have to be several differ- 
ent Nod signal perception systems operative in the same 
plant, rather than just one. In our study, we have synthe- 
sized smaller analogs of CLOSs to address whether the 
oligomerization of the carbohydrate chain, the func- 
tionalization (e. g., 0-acetylation, sulfation), and the 
fatty acyl unsaturations of CLOSs applied ex planta are 
necessary for elicitation of host-selective symbiosis-re- 
lated responses in the two test legumes, white clover and 
alfalfa. Our results indicate that N-fattyacylglucosamine 
is the smallest suktructure of CLOSs that is both neces- 
sary and sufficient to elicit Had and Ccd responses on 
both test plants, without an absolute requirement of 
oligomerization or functionalization of the polar head 
group, or unsaturation of the hydrophobic N-fattyacyl 
tail. Because the CLOS analogs N-Cl6:O-acylGlcN and 
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N-C16:2-acylGlcN (unlike the native CLOSs from the 
corresponding homologous rhizobia) were active on 
both hosts, oligomerization and functionalization of the 
polar head group of CLOSs are likely to influence the 
range and extent to which plants respond to CLOSs. 
Although fully supported by the data, this interpreta- 
tion opposes the conventional model that these struc- 
tural modifications of the polar head group of CLOSs 
act as positive effectors of host receptor recognition 
necessary for activation of host responses. We further 
modified native wild-type ANU843 CLOSs and various 
analogs by introducing the fluorochrome NBD at the 
reducing end. Bioassays indicated that this modification 
of ANU843 CLOSs did not alter their cognate biological 
activities. These fluorescent molecular probes were 
used to investigate the temporal/spatial relationships 
and structural requirements for intracellular uptake of 
CLOSs in situ during early interactions with active host 
root cells. These studies showed that only the probes 
with structures enabling internalization within root 
hairs were able to elicit Had and Ccd activities on these 
two legume hosts, indicating strong evidence for a link 
between their intracellular uptake and symbiotic biolog- 
ical activities. 

We envision three possible mechanisms by which 
CLOSs could be taken up by legume root hairs. One 
is by a specific receptor-mediated event that relies on 
specific recognition of the unique structural features of 
each active CLOS glycolipid by homologous plant cell 
surface receptor molecules. The second is by a general 
receptor system that recognizes some common sub- 
structure of CLOSs, with further events being potenti- 
ated by specific modifications on the individual CLOS 
molecules. Recent in vitro studies supporting both of 
these proposed mechanisms suggest that indeed le- 
gume roots do have multiple, constituitive binding sites 
varying in affinity for CLOS molecules (10,22,23). The 
third is by a diffusive route that relies on partitioning 
of the amphiphilic CLOS glycolipids into the plant cell 
through its protoplast membrane without the involve- 
ment of a specific receptor molecule. The degree to 
which this mechanism would contribute to uptake of 
different CLOS glycolipids would be modulated on the 
bacterial side by a combination of their gross features 
such as relative abundance, molecular size, charge, and 
hydrophobicity/ hydrophilicity balance, and on the 
plant side by the lateral fluid mobility of the host mem- 
brane controlled by the diversity and relative abun- 
dance of its lipid components. The ability of the syn- 
thetic CLOS analog N-C16 : 0-acylGlcN to be taken up 
and elicit Had and Ccd responses on both tested le- 
gumes does not support the first mechanism proposed 
above, as this active analog lacks the structural features 
of both the polar head group and hydrophobic tail that 

Phili@Hollinesworth, Dauo, and Hollinesworth 

distinguish the families of CLOSs made by wild type R 
kguminosarum bv. trifolii and R. meliloti (5,6,24). On the 
other hand, all of the results of this study (especially the 
unresponsiveness of either host to the synthetic CLOS 
analog N-C16: 0-acylserinol) are consistent with the sec- 
ond general mechanism in which a putative host recep 
tor recognizes a fatty N-acylated glucosamine as the 
minimum common substructure of CLOSs sufficient to 
trigger uptake and Had/Ccd responses on white clover 
and alfalfa. These same data are also fully consistent 
with the third proposed mechanism which relies on a 
critical hydrophilic/ hydrophobic balance for uptake of 
the amphiphilic effector molecule via its spontaneous 
fusion into the lipid bilayer cell membrane, followed by 
lateral fluid mobility of the effector molecule through 
the endomembrane system into the host cell. In this 
case, the oligosaccharide chain and its functionaliz- 
ations could possibly constitute significant barriers to 
uptake of the effector molecule. This third model 
would explain the clear distinction between the appar- 
ent host-selective uptake of native ANU843 CLOSs and 
the lack thereof for the N-fattyacylglucosamine analogs 
in the two test plants as a "leveling" effect of removing 
the oligosaccharide chains and their functionalizations. 
The structure of cell surface components, e.g., extracel- 
lular slime, cell wall, membrane composition of lipids 
and proteins, would be expected to differ somewhat in 
these two different test plants, and therefore the extent 
to which these structural features of the polar head 
group constitute a diffusion barrier to uptake of CLOSs 
would differ. It is obvious that a small hydrophobic 
molecule such as the N-acylmonoglycosyl analogs that 
do not interact with these barriers would pass through 
without entrainment but more polar molecules could 
have a problem breaching them, being either attracted 
and sequestered by the matrix if they have the opposite 
charge or repelled away if they have the same charge. 
Nonpolar molecules are not influenced by such barri- 
ers. We propose that a common minimum structure is 
required and sufficient for uptake and biological activ- 
ity, and that further expression of its inherent ability to 
elicit these host responses is modulated by the various 
specific CLOS modifications. Modifications that mask 
this minimum required structure might lead to reduc- 
tion of uptake and/or loss of activity, hence explaining 
the unresponsiveness of the non-host legume to CLOSs 
from heterologous rhizobia. The extent that incorpora- 
tion of CLOSs may change or perturb host membrane 
structure will differ among plant species. Therefore, the 
intensity of responses to such molecules is likely to vary 
among different hosts, thus appearing to exhibit some 
degree of plant selectivity. The change or extent of per- 
turbation of host membrane structure resulting from 
incorporation of CLOSs that trigger cellular processes 
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would also be expected to differ between plant species 
for the same reasons cited above. 

The retention of symbiosis-related biological activi- 
ties of NBD-CLOS conjugates and their stable fluores- 
cence properties make these fluorescent molecular 
probes ideal for studies of Rhizobium-host root hair in- 
teractions at the cellular and molecular level. Localiza- 
tion experiments using these probes indicated that the 
protoplast membrane (rather than the cell wall) of the 
root hair was the first resting place for ANUS43 CLOSs 
applied to clover roots. This was predicted from earlier 
studies on the preferred accumulation of CLOSs in rhi- 
zobial membranes (5). Partitioning into membrane 
would be favored by a high hydrophobicity/ hydrophil- 
icity balance and would definitely be facilitated by the 
hydrophobic chain. Hence (as was observed) the la- 
beled chitotriose should not be internalized signifi- 
cantly by plant cells. This lack of intracellular or in- 
tercellular fluorescence within roots incubated with 
NBD-chitotriose also served as an important negative 
control that addressed several potential problems in 
our use of NBD-conjugated fluorescent molecular 
probes to study the internalization of CLOSs into roots. 
First, it ruled out an ability of the NBD moiety itself to 
potentiate uptake of GlcNcontaining glycoconjugates 
that are otherwise excluded from root hairs or for the 
tag itself to create an artifact interaction with host com- 
ponents, implying that the interactions of the bioactive 
CLOS derivatives with the test plants do exhibit some 
specificity. A second issue addressed by this control was 
the extent to which excreted plant chitinases (14, 25, 
26) may have partially depolymerized the NBD-conju- 
gated native ANU843 CLOSs into NBD-GlcN, + N- 
acylGlcN, fragments that might be internalized. The 
very low level of intracellular fluorescence (hence 
NBD) in clover roots even after 24 h incubation with 
NBD-chitotriose suggests that this possible source of er- 
ror in interpretation of the fluorescence localization re- 
sults was minimal to nonexistent. The alternate possibil- 
ity that coupling of NBD to CLOSs may even hinder 
their degradation would increase their usefulness as 
fluorescent molecular probes to follow internalization 
of CLOSs. This remains to be tested. Finally, the result 
of this negative control ruled out passive entry of the 
fluorescent probes into the root by simple diffusion 
through small open crevices in the root system. 

Our studies using NBD-conjugates of wild type 
ANU843 CLOSs also revealed that these molecular 
probes rapidly communicate with the nucleus of intact 
clover root hairs and are also internalized within this 
organelle. Detection of this novel result was made possi- 
ble through the use of laser scanning microscopy in the 
epifluorescence confocal mode. Of major importance 
here is the ability of this microscopical imaging tool to 

immediately acquire, image process, and serially recon- 
struct digital optisections in order to examine the in situ 
distribution of the fluorescent conjugates at subcellular 
resolution within host cells that are still physiologically 
active. Further use of these powerful tools will undoubt- 
edly help to further elucidate the role of these bioactive 
rhizobial glycolipids during early cell-cell interactions 
as a prelude to development of the nitrogen-fixing Rhi- 
zobium-legume symbi0sis.m 
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