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Abstract 

Axenic seedling bioassays were performed on white clover, vetch, and alfalfa to assess the variety and dose responses 
of biological activities exhibited by membrane chitolipooligosaccharides (CLOSs) from wild type Rhizobium 
leguminosarum bv. trifolii ANU843. Subnanomolar concentrations of CLOSs induced deformation of root hairs 
(Had) and increased the number of foci of cortical cell divisions (Ccd) in white clover, some of which developed 
into nodule meristems. In contrast, ANU843 CLOSs were unable to induce Had in alfalfa and required a 104-fold 
higher threshold concentration to induce this response in vetch. Also, ANU843 CLOSs were not mitogenic on 
either of these non-host legumes. In addition, CLOS action also increased chitinase activity in white clover root 
exudate. Thus, the membrane CLOSs from wild type R. leguminosarum bv. trifolii are fully capable of eliciting 
various symbiosis-related responses in white clover in the same concentration range as extracellular CLOSs of other 
rhizobia on their respective legume hosts. These results and our earlier studies indicate that membrane CLOSs 
represent one of many different classes of bioactive metabolites made by R. leguminosarum bv. trifolii which 
elicit more intense symbiosis-related responses in white clover than in other legumes. Therefore, CLOSs evidently 
play an important role in symbiotic development, but they may not be the sole determinant of host-range in the 
Rhizobium-clover symbiosis. 

Abbreviations: Ccd-cortical cell division, CLOS-chitolipooligosaccharide, Had-root hair deformation. 

Introduction 

The most thoroughly examined class of bioactive Nod 
metabolites produced by Rhizobium consists of a fam- 
ily of chitolipooligosaccharides (CLOSs), first discov- 
ered in R. meliloti by Lerouge et al. (1990), and now 
documented for almost all known rhizobia (Carlson 
et al., 1994, and references therein). At subnanomolar 
concentrations, extracellular CLOSs can elicit root hair 
deformations (Had) and cortical cell divisions (Ccd) 
that may ultimately develop into nodule primordia 
(Relic et al., 1994; Truchet et al., 1991). Extracel- 
lular CLOSs have also been reported to increase the 
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activity of chitinase enzymes in root exudate, which is 
potentially important because chitinases can selective- 
ly degrade certain CLOS molecules (Staehelin et al., 
1995). 

Although it is generally thought that CLOSs are 
excreted into the extracellular milieu, our studies 
have shown that CLOSs accumulate primarily in cell 
membranes of various wild type rhizobia, including 
R. leguminosarum bv. trifolii ANU843, R. meliloti 
2011, and R. sp. NGR234 (Cedergren et al., 1995; 
Orgambide et al., 1995; Philip-Hollingsworth et al., 
1995). In addition, wild type ANU843 accumu- 
lates bioactive diglycosyl diacylglycerols (DGDGs) in 
its membranes during flavone-activated; nod-related 
metabolism (Orgambide et al., 1994). These find- 
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ings raise the question of whether the membrane 
CLOSs exhibit the spectrum of activities and concen- 
tration dependence previously described for ANU843 
DGDGs, and for extracellular CLOSs of other rhi- 
zobia. To address this question, we used quantitative 
microscopy to perform Had and Ccd bioassays of mem- 
brane CLOSs from ANU843 on axenic seedlings of 
white clover as the host, and on alfalfa and vetch as 
non-host legumes. We also assessed whether chitinase 
activity in root exudate is affected during growth of 
white clover plants in the presence of ANU843 CLOSs. 

gation at 10,800 x g for 15 min at 4 °C. Chiti- 
nase activity was measured by a spectrofluoromet- 
ric assay using 4-methylumbelliferyl-/3-D-N,Nt,N ''- 
triacetylchitotriose substrate (Kuranda and Robbins, 
1987). The presence of ehitinase isozymes in root exu- 
date was examined by native vertical gel electrophore- 
sis followed by detection of enzyme activity using an 
agarose overlay technique with glycol-chitin as sub- 
strate and Calcofluor Fluorescent Brightner No. 28 
(Sigma Chemical Co., St. Louis, MO) as a stain for 
residual substrate (Pan et al., 1991). 

Materials and methods 

Purification of membrane CLOSs 

The extraction and purification of membrane CLOSs 
from R. leguminosarum bv. trifolii wild type strain 
ANU843 used in this study have been described else- 
where (Orgambide et al., 1995). A 10 -5 M stock of 
CLOSs was prepared in NF medium, assuming a 1,000 
D nominal molecular weight. The CLOS stock was 
steamed for 30 min and verified as sterile by plating 
aliquots on BIII medium and trypticase soy agar. 

Axenic bioassays 

ANU843 CLOSs were bioassayed for Had and Ccd 
activities on axenic seedlings of white clover (Trifoli- 
um repens L. cv Dutch), alfalfa (Medicago sat&a cv. 
Gemini), and hairy vetch (Vicia hirsuta) under microbi- 
ologically controlled conditions previously described 
(Hollingsworth et al., 1989; Orgambide et al., 1994; 
Philip-Hollingsworth et al., 1991). Morphological 
responses were examined by conventional brightfield 
microscopy and laser scanning microscopy (Orgam- 
bide et al., 1994). 

Influence of ANU843 CLOSs on chitinase activity in 
white clover root exudate 

Roots of axenic white clover seedlings were grown 
through stainless steel wire platforms into sterile NF 
medium (Dazzo, 1982). Three days after planting, 
the growth medium was supplemented with sterile 
ANU843 CLOSs at a final concentration of 10 -9 
M and incubated for 1 additional day. Root exu- 
dates of CLOS-treated and untreated cultures were 
collected, concentrated by ultra_filtration using Ami- 
con PM10 membranes, and clarified by centrifu- 

Results and discussion 

Membrane CLOSs ofR. leguminosarum by. trifolii 
ANU843 elicit Had and Ccd responses in white clover 

Figure 1 summarizes the large diversity of 
CLOS species isolated from membranes of wild 
type ANU843 (Orgambide et al., 1995; Philip- 
Hollingsworth et al., 1995). This family of CLOSs 
applied in the subnanomolar range elicited Had and 
Ccd responses on the host legume white clover, but not 
on the non-host legumes alfalfa or hairy vetch under 
our experimental conditions, which are optimized for 
white clover (Table 1). The threshold concentration 
of ANU843 CLOSs for induction of these respons- 
es on white clover was at or near 10 -11 M, whereas 
the threshold concentration required for morphological 
responses on hairy vetch was approximately 10a-fold 
higher. ANU843 CLOSs in the concentration range of 
10 -7 to 10 -11 M did not elicit Had or Ccd responses 
on alfalfa above background levels (Table 1). These 
results indicate that Had and Ccd in the host white 
clover are elicited by ANU843 membrane CLOSs in 
the same concentration range as has been described 
for ANU843 DGDGs (Orgambide et al., 1994) and for 
extracellular CLOSs of other rhizobia on their respec- 
tive legume hosts (Relic et al., 1994; Spaink et al., 
1991; Truchet et al., 1991). 

Various root hair deformations were elicited by 
ANU843 CLOSs applied to white clover roots at the 
optimum concentration of 5 x 10 -9 M (Figure 2A-C), 
with an irregular distortion being most frequent (Fig- 
ure 2B). Other types of CLOS-induced Had included 
corkscrews, swollen tips, branches, and combinations 
of these on the same root hairs (Figure 2B-C). This 
diversity of Had morphologies induced by CLOSs was 
very similar to the Had phenotypes induced on clover 
by a live inoculum of wild type R. leguminosarum 
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Figure t. Summary of the structural diversity of CLOS species in membranes of wild type R. leguminosarum bv. tri~dii ANU843 (from 
Orgambide et al., 1995, Philip-Hollingsworth et al., 1995). 

Table 1. Host range and dose responses of root hair deformation (Had) 
and foci of cortical cell divisions (Ccd) induced by membrane chi- 
tolipooligosaccharides from R. leguminosarum by. tr(folii ANU843 

Plant ANU843 CLOS (M) Response (X + s.e.m.) 
Had a Ccd b 

Dutch white clover 10 -5 1.3 5:0.3 8.15:0.7 

10 -7 2.2 5:0.3 7.3 5:0.9 
5 × 10 -9 2.9 5:0.2 nd c 

10 -9 2.4 5:0.2 5.7 5:0.6 
10 -11 1.8 5:0.2 4.9 5:0.9 

10 -13 0.5 5:0.2 1.6 5:0.3 

0 0.2-1-0.1 0.25:0.1 

Alfalfa 10 -7 0.1 -t- 0.1 1.2 -4- 0.3 

5 ×  10 -9 0 + 0  nd 
10 -9 0 5:0 0.8 -4- 0.3 

10 - u  0 + 0  0.5-4-0.3 

0 0 5 : 0  1.05:0.6 

Vetch 10 -7 0.8 q- 0.2 1.5 + 0.5 

10 -9 0 + 0 1.0 4- 0.4 

10 - l !  0.1-4-0.1 0.8-t-0.4 

0 0-4-0 0.3-1-0.3 

aHad scores are % deformed root hairs: 0 = 0%, I = 1-25%, 2 = 26-50%, 
3 = 51-75%, 4 = > 75% 
bCcd scores are number of foci per plant. 
Cnd, not determined. 

bv. trifolii  ( B h u v a n e s w a r i  and  So lhe im,  1985; Li  and  

Hubbe l l ,  1969;  Yao and  Vincen t ,  1976).  This  gener-  

al o b s e r v a t i o n  was  c o n f i r m e d  by  quan t i t a t ive  image  

ana lys i s  o f  the  b r a n c h i n g  m o r p h o l o g y  as one  Had  phe-  

no type  (F igure  2C) ,  w h i c h  s h o w e d  tha t  the  ave rage  

g e o m e t r i c  ang le  o f  the  b r a n c h  at  the  ver tex  c o n n e c t i n g  

the two  t ips o f  the  s a m e  roo t  ha i r  were  very  s imi la r  

(71 -4- 13 degrees  [n = 51] for  C L O S - i n d u c e d ;  67 + 

11 degrees  for  b ac t e r i a - i n d u ced  (Dazzo  an d  Pe te r sen ,  

1989).  

F igures  2D-I  i l lus t ra te  var ious  d e v e l o p m e n t a l  

s tages  o f  foci o f  C L O S - i n d u c e d  Ccd  in c lover .  T h e  ear-  

l iest  Ccd  r e sponses  occu r red  in we l l - i so la t ed  foci  o f  the  

inne r  cor tex (F igure  2E).  Lase r  s c a n n i n g  m i c r o s c o p y  
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Figure 2. Induction of morphological responses on axenic seedling roots of white clover treated with ANUS43 CLOSs. A and D. Untreated 
negative control for Had and Ccd bioassays, respectively. B. The most common type of root hair deformations. C. Examples of root hair 
branching used in image analysis. E-I. Development of foci of cortical cell divisions, showing a progression mnging from a few cells in the 
innermost cortical layer to multiple cortical cells on one side of the root, resembling a nodule-like meristem. J. Nodule primordium in the 
cortex of roots inoculated with live cells of ANU843. K. ‘Collaroid’ foci of cell divisions. L. Extensive cell divisions involving the pericycle, 
endodermis, and cortex. Bar scales am 50 pm. 
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showed the repeated anticlinal walls that have divid- 
ed these separate cortical cells (Figure 2F). Figure 2G 
shows a more laterally extended zone of cell divisions 
involving multiple rows of the cortex, restricted to 
only one side of the root. Continued development of 
some of these foci of Ccd caused a progressive unilat- 
eral distension of the cortex (Figure 2H), occasionally 
resembling rudimentary nodule-like meristems (Figure 
2I). However, under these axenic growth conditions, 
no fully developed nodules emerged from white clover 
roots treated with purified ANU843 CLOSs. For com- 
parison, a true nodule primordium elicited by ANU843 
bacteria is shown in Figure 2J. 

ANU843 CLOSs also induced two other types of 
foci of cell divisions in axenic white clover roots. One 
structure was of the 'collaroid' type involving the entire 
ring of the cortex (Figure 2K). Although the collaroid 
type of Ccd was induced by CLOSs less frequently 
than the unilateral foci described above, it was the 
most common type of Ccd induced in white clover 
by ANU843 DGDGs (Orgambide et al., 1994). By 
minimizing the depth of field while controlling the light 
intensity, brightfield microscopy revealed another type 
of foci of cell divisions with extensive involvement of 
the pericycle, endodermis and cortex within the root 
(Figure 2L). 

Membrane CLOSs of ANU843 elicit molecular 
responses in white clover 

Extracellular CLOSs from R. meliloti have been shown 
to promote up to a 6-fold increase in level of chitinolyt- 
ic activity in root exudate of its legume host, alfalfa 
(Staehelin et al., 1995). ANU843 CLOSs induced a 
4.8-fold increase in chitinase activity in white clover 
root exudate (1.25 vs. 6.00 U m g -  1 protein for untreat- 
ed control and CLOS-treated plants, respectively). 
Thus, the ability of ANU843 membrane CLOSs to 
elicit this molecular response and its magnitude are 
similar to the response elicited by extracellular CLOSs 
of other rhizobia. Activity gel electrophoresis of con- 
centrated root exudates from axenic seedlings grown 
with or without CLOSs revealed a single band of chiti- 
nase activity having the same electrophoretic mobil- 
ity (figure not shown). In addition to these quantita- 
tive changes in symbiosis-related proteins described 
here, Bjourson and colleagues have recently found 
by an analysis of differentially displayed cDNA that 
ANU843 membrane CLOSs induce transcripts encod- 
ing various early nodulins in Dutch white clover roots 
(Bjourson et al., 1995). Considered collectively, these 

results indicate that ANU843 membrane CLOSs are 
able to elicit various molecular response in the white 
clover host. 

Based on these findings, we conclude that the mem- 
brane chitolipooligosaccharides of wild type R. legu- 
minosarum bv. trifolii are fully capable of eliciting 
Had, Ccd, and various molecular responses on white 
clover in the same concentration range as extracellular 
CLOSs of other rhizobia on their respective legume 
hosts. It is obvious from these and other data (Dazzo 
et al., 1991; Hollingsworth et al., 1989; Orgambide et 
al., 1994; Philip-Hollingsworth et al., 1991 ) that white 
clover displays symbiosis-related responses to many 
different classes of metabolites made by its compatible 
microsymbiont, R. leguminosarum bv. trifolii. Under 
our bioassay conditions, all of the above metabolites 
elicit more intense responses in white clover than 
in other legumes. In conclusion, R. leguminosarum 
bv. trifolii CLOSs evidently plays an important role 
in symbiotic development, but they may not be the 
sole determinant of host-range in the Rhizobium-clover 
symbiosis. 
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