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Abstract. The chvB gene of Agrobacterium tumefaciens 
encodes a 235 k D a  proteinaceous intermediate involved 
in the synthesis of/%1,2-glucan, chvB mutants  show a 
pleiotropic phenotype.  Besides not to produce cyclic 
/?-l,2-glucan, chvB mutants  have been reported to be 
avirulent, attachment-deficient, and nonmotile. In this 
study we report  additional differences from the parent 
strain, probably  all linked to changes in the cell envelope. 
This pleiotropic phenotype - except for a t tachment  and 
virulence - could largely be prevented by growing chvB 
cells with low levels of calcium. Although a role for 
fi-l,2-glucan in osmoadapta t ion  has been proposed, the 
m o d e  of action of/3-1,2-glucan is not known. We speculate 
that in A. tumefaciens fl-l,2-glucan stabilizes membranes,  
which would be important  especially in hypotonie media 
containing calcium. 
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chvB is one of the chromosomal  genes of Agrobacterium 
tumefaciens usually required for t ransformation of plants 
(Douglas et al. 1982, 1985). The chvB gene is required for 
the synthesis of a low molecular weight cyclic fi-l,2- 
glucan. The gene encodes a 235 k D a  cytoplasmic mem- 
brane protein, which is an intermediate in fl-l,2-glucan 
synthesis (Zorreguieta and Ugalde 1986). Another viru- 
lence gene, chvA, is required for t ransport  of fi-l,2-glucan 
to the periplasmic space (Cangelosi et al. 1989). However,  
chvB mutants  are not only impaired in fi-l,2-glucan 
production. They also exhibit reduced motility and 
resistance to certain phages, due to absence of flagella 
(Bradley et al. 1984), and are attachment-deficient and 
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diffusion; LPS, lipopolysaccharide; SDS-PAGE, Sodium dodecyl 
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avirulent (Douglas et al. 1982, 1985). A large part  of the 
chvB gene is not required for glucan synthesis. Also 
at tachment  ability and virulence are not impaired by 
deletion of this part  of the chvB gene, suggesting that the 
latter properties are coupled. Since wild-type A. tumefa- 
ciens cells accumulate fl-l,2-glucan in the periplasmic 
space when grown under hypo-osmotic  conditions, syn- 
thesis of cyclic fi- 1,2-glucan appears  to be osmoregulated 
(Miller et al. 1986). Cangelosi et al. (1990) reported for 
chvB mutants  a growth rate lower than that of wild-type 
cells and an altered periplasmic and cytoplasmic protein 
content when mutant  cells were cultured in low-osmotic- 
strength media, but not for cells cultured in high-osmotic- 
strength media. These observations support  a role for 
periplasmic glucan in osmoadaptat ion.  Inadequate  os- 
moadap ta t ion  may  result in deficiencies of the cell 
envelope. However,  the mechanism of action of fi-l,2- 
glucan is not known. 

This study shows that the pleiotropic phenotype of 
chvB mutants  of A. tumefaciens can largely be prevented 
by growing chvB cells with low levels of calcium. We 
speculate that fl-l,2-glucan is involved in stabilization of 
membranes,  especially in hypo-osmotic  media containing 
calcium. 

Materials and methods 

Bacterial strains and culture conditions 

Agrobacterium tumefaciens strains and mutants were generous gifts 
from E. W. Nester (University of Washington, Seattle, Wash., USA), 
and have been described by Douglas et al. (1985). A. tumefaciens 
strain A348 has a wild-type C58 chromosome and harbours plasmid 
pTiA6NC (Garfinkel et al. 1981). A348 has a wild-type phenotype. 
chvA mutants ME42 and ME66 and chvB mutants MEll7 and 
ME 118 have a Tn3Hoho 1 insertion, including a Cb resistance gene, 
in the chromosomal virulence A (chvA) or B (chvB) gene, 
respectively, chvB mutants A1011 and A1045 have a Tn5 insertion, 
including a Km resistance gene, in the chvB gene. Bacteria were 
grown at 28 °C in 100-ml Erlenmeyer flasks containing 50ml 
medium on a rotary shaker (180 rpm). The composition of TY 
medium was 0.5% tryptone-0.3% yeast extract. According to the 
manufacturer (Difco Laboratories, Detroit, Mich., USA), the Ca 2 ÷ 
concentration of this medium is 0.15 mM and the Mg 2+ concentra- 



tion is 0.13 mM. TYC medium is TY medium supplemented with 
7 mM CaClz (Beringer 1974). Swarm plates contain in addition 
0.3% (w/v) agar. 

Plant culture conditions 

Seeds of pea (Pisum sativum cv. Finale, purchased from Cebeco, 
Rotterdam, The Netherlands) were surface-sterilized and cultivated 
as previously described (Smit et al. 1986). Kalanchob" daigremontiana 
plants were cultivated as described by Ooms et al. (1980). 

Attachment assay 

The attachment assay used was previously described by Smit et al. 
(1986). Briefly, bacteria were grown to early stationary phase, 
centrifuged and resuspended in 25 mM potassium phosphate buffer, 
pH 7.5, to 3 x 108 bacteria per nal. After incubation of lateral roots 
from 7-day-old axenically grown pea plants for 2 h in this suspen- 
sion, the roots were washed in phosphate buffer and screened for 
attached bacteria by phase-contrast microscopy. In this study 
attachment to root hairs was ranked into three classes: class 1, no 
attached bacteria; class 2, few bacteria directly attached to the root 
hair; class 3, many attached bacteria forming two or more layers 
or a caplike aggregate on top of the root hair. The variability of 
the test was about 10% and depended largely on the condition of 
the roots. 

ldrulence assays 

In the greenhouse, leaves of K. daigremontiana plants were wounded 
with a toothpick. Cells of early stationary phase cultures of A. 
tumefaciens strain A348 or strain MEll7, grown in TYC or TY 
medium, were harvested and resuspended in phosphate buffer to 
an A6z 0 value of 1.0. Ten gl of this suspension were added per 
wound site. Tumour formation was quantified three weeks after 
inoculation. 

Purification of flagella 

Flagella were isolated from the bacterial cell surface and purified 
by sucrose gradient ultracentrifugation according to the method of 
Carsiotis et al. (1984). 

Isolation of cell envelope fractions and lipopolysaccharide 

Bacteria were grown to early stationary phase. Cell membrane 
preparations were made according to De Maagd et al. (1989). 
Proteins were separated on 11% polyacrylamide gels as described 
by Lugtenberg et al. (1975). For analysis of LPS, cell envelope 
preparations in sample buffer, each containing an equal amount of 
protein, were treated first with proteinase K (0.2 mg/ml) for 60 min 
at 60 °C and then applied to a 15% SDS-polyacrylamide gel. 
Proteins and LPS were visualized by silver-staining (Blum et al. 
1987). 

Purification of fl-l,2-glucan 

To test the production of fl-1,2-glucan, cells from 11 early stationary 
phase cultures were harvested by centrifugation at 10,000 x g for 
10 min. Pellets were extracted with 1% TCA for 30 min at room 
temperature. TCA extracts were neutralized, concentrated, and 
applied to a Sephadex G50 column (63.5 x0.8 cm), which was 
subsequently eluted with 7% propanol. One ml fractions were tested 
for the presence of carbohydrates by using the phenol-sulphuric 
acid method (Hanson and Philips 1981). The saccharide composi- 
tion of these carbohydrate fractions was determined by gas-liquid 
chromatography after sample hydrolysis (Albersheim et al. 1967) 
(liquid phase: 3% ECNSS/M on GasChromQ [Applied Science, 
Oud-Beijerland, The Netherlands]). 
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Measurement of medium osmolarity 

The osmolarity of media was measured with an osmomat 030 
cryoscopic osmometer (Salm and Kipp, Breukelen, The Nether- 
lands). 

Results 

Growth 

Agrobacterium tumefaciens strain A348, grown in the 
s tandard  growth  medium TYC, had  a doubl ing time of  
about  2.1 h, reaching a final A620-value of  1.2 to 1.3. As 
shown in Table 1, omission of  the calcium supplement  
(TY medium) yielded for this strain the same growth  
characteristics as seen in T Y C  medium. The osmolar i ty  
of TY and TYC media  is 0.043 and 0.065 osM, respecti- 
vely. Because chvB mutants  have been reported to be 
impaired in growth  in low osmolar i ty  medium (Cangelosi 
et al. 1990), we tested whether  chvB mutants  grew slower 
in TY compared  to T Y C  media. However ,  chvB mutan t  
strain M E l l 7  appeared to grow slower in TYC with a 
doubl ing time of  3.4 h, reaching a final A6zo-value of 0.8 
to 0.9, whereas the doubl ing time and the growth  
max imum appeared  to be restored to nearly the level of  
strain A348 by omit t ing the calcium supplement  f rom 
the medium (Table 1). Similar results were obtained with 
chvB mutants  A1011, A1045, and M E l l 8 ,  and chvA 
mutants  ME42  and ME66  (data no t  shown). 

Strain M E l l 7  harbours  a T n 3 H o H o l  t ransposon  in 
chvB carrying a Cb resistance gene. Despite the presence 
of this gene, M E l l 7  does no t  grow in TYC medium 
supplemented with 100 gg/ml Cb (Table 1). In  contrast ,  
in TY medium M E l l 7  grows normal ly  in the presence 
of Cb, indicative of expression of the Cb resistance gene. 
Several other  chvB strains were tested for this phenotype.  
M E l l 8  also ha rboured  a Cb  resistance gene, and appea-  
red to be Cb-resistant only when grown in TY medium. 
Similar results were obta ined with chvA mutants  ME42 
and ME66 (data not  shown). The other  chvB strains 
studied, A1011 and A1045, are Tn5-mutan ts  thus har-  
bour ing  a K m  resistance gene. Phenotyp ic  expression of  
K m  resistance appeared not  to depend on the calcium 
concent ra t ion  of  TY medium (data not  shown). Cells of  
strain A348 are not  Cb resistant and did grow neither in 
TY nor  in TYC media  supplemented with 100 gg/ml Cb. 
When  the Cb concent ra t ion  was lowered to 10 gg/ml Cb, 
cells of  strain A348 showed an impaired growth  in bo th  
TY and TYC media, being only slightly more  impaired 
in TYC medium. 

Production of fl- l,2-glucan 

When  strain A348 was tested for p roduc t ion  of fl-l,2- 
glucan using gel permeat ion  chromatography ,  a carbohy-  
drate-positive peak was observed at a Kay of  0.6, corres- 
ponding  with the Kav previously found for cyclic/~-l,2- 
glucan (Cangelosi et al. 1989; Miller et al. 1986). The 
amoun t  of cell-associated soluble ca rbohydra te  with a 
Kay of  0.6 produced  by A348 in 1 1 TYC medium (5 g 
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Table 1. Characteristics of Agrobacterium 
tumefaciens strain A348 and its chvB mutant 
strain ME117 grown in TY or TYC a media 

Strain Growth b Final Doubling Cb r~ Motility Attach- Viru- 
medium A62o value time, h ment lence 

A348 TYC 1.2 1.3 2.1 - + + + 
TY 1.2-1.3 2.1 - + -- + 

MEll7 TYC 0.8-0.9 3.4 . . . .  
(chvB) TY 1.1 - 1.2 2.5 + + - - 

a TY is TYC medium (0.5% tryptone 0.3% yeast extract-7 mM CaC12) without the calcium 
supplement 
u Determined by the method of Smit et al. (1986). More than 80% class 1 was designated 
"no attachment" 

Growth in TY or TYC media supplemented with 100 gg/ml Cb 

fresh weight of cells) was 31 _+ 3 mg. However, from 
bacteria grown in TY medium only 11 _+ 2 mg of carbo- 
hydrate with a Kay of 0.6 could be isolated. The saccharide 
composit ion of both carbohydrate  fractions, as determi- 
ned by gas-liquid chromatography,  appeared to be identi- 
cal, with glucose representing the major  saccharide detec- 
ted. Next  product ion of fi-l,2-glucan by strain ME117 
grown in TYC or TY medium was tested. As judged from 
the amount  of carbohydrate-posit ive material  detected, 
ME117 does not produce fi-l,2-glucan when grown in 
either TY or TYC media. In view of the possibility that 
fi-1,2-glucan was excreted, the growth media were chek- 
ked for the presence of fi-l,2-glucan. Extracellular cyclic 
/?-1,2 glucan was found neither with the parent strain nor  
with chvB cultures. 

Motility 

Parent  strain A348 is motile during exponential growth, 
in both  TY and TYC media. Only in the late stationary 
phase the cells become nonmotile. In contrast, cells of 
strain ME117 are nonmoti le  when grown in TYC medi- 
um, as judged from phase-contrast  microscopy (data not 
shown). However, when grown in TY medium M E l l 7  
cells are motile, al though not to the same extent as are 
cells of strain A348. Motility was also assessed by using 
swarm plates. On TY swarm plates cells of strain ME117 
formed swarms, al though smaller than did cells of the 
parent strain. On TYC plates mutant  cells formed only 
a small colony, confined exclusively to the site of inocula- 
tion, whereas A348 cells formed swarms as large as those 
seen on TY swarm plates (Fig. 1B). The same obser- 
vations were made for the other chvB mutants  tested, 
A1011, A1045 and ME118. Also the chvA mutants  ME42 
and ME66 showed an increase in mobility when grown 
in TY compared  to TYC (data not shown). However,  for 
these mutants  the difference was smaller, chvA mutants  
grown in TYC were more motile than chvB mutants  
grown in TYC, whereas the motility of both  strains grown 
in TY was similar, chvA mutants  have been reported to 
have a leaky phenotype.  The mutants  still export 2% of 
the wild-type amount  of fi-l,2-glucan (O'Connell  and 
Handelsman 1989). Moreover,  chvA mutants  occasionally 
form small tumours,  and when harbouring a pSym9 
plasmid, can form small root  nodules (Van Veen et al. 
1987). Therefore, we decided not to further use chvA 
mutants  in this study. 

chvB mutants  have been reported to show a reduced 
number  of flagella (Bradley et al. 1984). Electron mi- 
croscopic observations showed that the number  of flagella 
on the surface of ME117 increased significantly when the 
bacteria were grown in TY medium (data not shown). 
We compared  flagella preparat ions of A348 and ME117, 
grown either in TY or TYC, by SDS-PAGE analysis 
(Fig. 1 A). SDS-PAGE of purified flagella of A. tumefa- 
ciens strain A348 showed two polypeptides of 30 kDa  
and 32 kDa,  respectively (Fig. 1A, lanes 1 and 2). At 
present it is unknown whether the band with higher 
mobility represents an artefact, e.g., a proteolytic product  
of flagellin, or whether the two bands correspond to two 
isotypes of flagellin, the major  protein of a flagellum. For  

kDa 
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Fig. 1A. Silver-stained SDS-PAGE (15%) profiles of crude flagella 
preparations of Agrobacterium tumefaciens strain A348 (lanes 1 and 
2) and chvB mutant strain MEl17 (lanes 3, 4 and 5) grown in TY 
medium (lanes 1 and 3) or TY supplemented with 7 mM CaC12 
(TYC) (lanes 2, 4 and 5). The amount applied corresponds with 
flagella of 7 x 108 bacteria, with the exception of lane 5 (1.4 x 101° 
bacteria). Positions of molecular weight markers are indicated at 
the left; B 0.3 % agar swarm-plates containing TYC (uppear plate) 
or TY (lower plate) medium spotted with A348 (1 and 3) and 
ME117 (2 and 4) 



the chvB mutant the yield of the two polypeptides 
corresponding with the flagellin bands was strongly 
reduced in the presence of calcium (Fig. 1 A, lanes 3, 4 
and 5). 

Use of a concentration series of calcium in TY medium 
revealed that at an amount  of between 2.0 and 2.5 mM 
calcium added, the mutant  cells became nonmotile. Since 
the calcium concentration in TY is 0.15 mM, the critical 
calcium concentration that directly or indirectly prevents 
motility apparently is between 2.15 and 2.65 raM. 

Next to calcium the addition of 7 mM MgC12 to TY 
medium reduced growth and motility of ME117, but the 
effect was less pronounced. For  instance, the final A620 
of M E l l 7  cells grown in TY supplemented with 7 mM 
MgC12 was 1.1 and the diameter of the colony formed 
on corresponding swarm plates was larger than on TYC 
swarm plates, although not as large as on TY swarm 
plates (data not shown). Addition of 10.5 mM NaC1 or 
KC1 did not result in reduced growth and motility of 
chvB mutants. These results indicate that not just salt, 
but rather a higher concentration of divalent cations and 
especially Ca 2 ÷ has an inhibitory effect on growth and 
motility of chvB mutants. 

Cell envelope proteins and LPS  

Since some of the observed changes in chvB mutants, 
such as lack of flagella and attachment-deficiency, were 
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Fig. 2A, B. Silver-stained ceil envelope profiles of A. tumefaciens 
cells separated by SDS-PAGE. A An 11% gel of ceil envelope 
proteins of chvB mutant strain ME117 (lanes 1 and 2) and parent 
strain A348 (lanes 3 and 4) grown in TY medium (lanes 1 and 3) 
or TY supplemented with 7 mM CaC12 (TYC) (lanes 2 and 4). 
Positions of molecular weight markers are indicated at the left. An 
arrow head indicates the position of the 20-kDa protein. B LPS 
profiles. Cell envelope isolations containing an equal amount of 
protein were treated with proteinase K and applied to a 15% gel. 
Lanes are numbered as in A 
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associated with the cell envelope, we examined the effect 
of reduced Ca2+-levels on profiles of cell envelope 
proteins and the LPS of strains A348 and MEl l7 .  

At reduced Ca2+-levels, the cell envelope protein 
profiles of the bacteria are altered. However, this alter- 
ation was not specific for M E l l 7  bacteria, since also 
A348 bacteria show a different cell envelope protein 
profile when grown in TY and TYC. Nevertheless, 
comparison of the profiles of A348 and M E l l 7  yielded 
several differences. These include an increase in the 
amount  of a 20 kDa protein band in the profile of ME117 
grown in TYC (Fig. 2A). 

To compare the LPS profiles and the amount  of LPS 
of strains A348 and M E l l 7  grown in TYC or TY, cell 
envelope isolates containing equal amounts of protein 
were treated with proteinase K and separated in a 
SDS-polyacrylamide gel. The relative amount  of LPS 
isolated from A348 grown in TYC was smaller than the 
amount of LPS from A348 grown in TY (Fig. 2B). 
However, whereas the amount  of LPS from strain ME117 
grown in TY was only slightly reduced compared to that 
from A348, the amount  of LPS from M E l l 7  grown in 
TYC was severely reduced (Fig. 2B). Since the protein 
content of cell envelopes of ME117 cells grown in TYC 
is probably not increased, M E l l 7  cells grown in TYC 
apparently contain a decreased amount  of LPS. Fur- 
thermore, the profile of M E l l 7  LPS appears to differ 
from that of the parent strain in that the banding pattern 
of the region with higher motility, i.e. the core region, is 
different. 

Attachment and virulence 

The attach.ment ability of A. tumefaciens cells grown in 
TYC and TY media was tested. Wild-type cells grown in 
TYC attach to pea root hairs. However, omission of 
calcium from the medium resulted in loss of attachment 
ability (Smit et al. 1987) (Table 1). Cells of strain M E l l 7  
did not attach to pea root hair tips when grown in either 
TYC or TY media (Table 1). 

Virulence was tested on KalanchoY leaves. Wild-type 
cells grown in TYC or TY media form tumours. Since 
attachment presumably is a prerequisite for tumour 
formation, the plant apparently supplies the calcium 
needed for the attachment of wild-type cells grown in TY 
medium. Cells of chvB strain M E l l 7  grown in TYC or 
TY media were avirulent (Table 1). 

Discussion 

fi-l,2-Glucan is a cyclic oligosaccharide found in Rhizo- 
biaceae and reported to be involved in adaptation to 
hypo-osmotic conditions. Miller et al. (1986) found less 
fi-l,2-glucan produced by wild-type Agrobacterium tume- 
faciens cells grown in medium of high osmolarity than 
by cells grown in medium of low osmolarity. Fur- 
thermore, fi-l,2-glucan negative mutants are impaired in 
growth in medium of low osmolarity (Cangelosi et al. 
1990). However, the mechanism of action of cyclic fl-l,2- 
glucan is not known. In a hypotonic environment cells 
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have to deal with an influx of water which causes swelling 
of the cells. Gram-negative bacteria have a relatively rigid 
cell wall, but when the influx of water proceeds and the 
cell wall cannot extend further, rupture due to a process 
of brittle fracture will occur (Corner and Marquis 1969). 
It has been reported that sugars protect membrane 
structures from damage, for instance during freeze-thaw 
cycles (Crowe et al. 1984a; Rudolph and Crowe 1985). 
Furthermore,  several reports point out interactions bet- 
ween carbohydrates and phospholipid monolayers. Car- 
bohydrates would coordinate to the polar headgroups of 
the lipidlayer by hydrogen bonds and in doing so alter 
their mobility and/or  packing density thereby increasing 
the film area (Crowe et al. 1984b; Johnston et al. 1984). 
We speculate that cyclic fi-l,2-glucan is involved in 
stabilizing the lipid bilayers of the cytoplasmic and outer 
membranes of Rhizobiaceae grown in hypotonic media. 

Calcium is known to adsorb onto membrane surfaces 
causing disruption of the membrane and by that the cell, 
especially in aqueous solutions (BfikAs and Disalvo 1991; 
Lis et al. 1981). A disruption of cell envelope membranes 
would result in impaired assembly of membrane structu- 
res such as LPS and flagella. This offers a possible 
explanation for the toxicity of calcium for fl-l,2-glucan- 
negative mutants, as described in this study. Apparently 
fi-l,2-glucan-negative mutants are very sensitive to high 
calcium concentrations. The pleiotropic phenotype of 
chvB mutants, i.e. at tachment inability, avirulence, lack 
of flagella, altered cell envelope profile and altered LPS 
profile, mainly corresponds to changes in the cell enve- 
lope. A chvB mutant  seems to show impaired assembly 
of outer membrane components when grown in TYC 
medium. If periplasmic fl-l,2-glucan can stabilize mem- 
branes and may compete for Ca 2 +-binding sites at polar 
headgroups, a fi-l,2-glucan-eontaining cell would have 
less problems with disruption by calcium than would 
have a fi-l,2-glucan-negative mutant. We found two 
indications for a correlation between fi-l,2-glucan and 
calcium: (i) A348 bacteria produce two to three times 
more fi-l,2-glucan when grown in TYC medium than do 
cells grown in TY medium, despite the fact that TYC 
medium has a higher osmolarity than TY medium; this 
suggests that the osmolarity of the medium is one but 
not the only factor influencing the production of fl-l,2- 
glucan. (ii) Omission of calcium from the medium 
restored the growth of chvB mutant  M E l l 7  to nearly 
wild-type levels and allowed growth of M E l l 7  in 
100 gg/ml Cb. Moreover, these bacteria became motile 
in TY and the production of flagella was restored. Also, 
the cell envelope profiles and the amount  of LPS were 
more like those of the parent strain when the mutant  
bacteria were grown in TY (although also the parent 
strain cells showed a difference in these characteristics 
when grown in TY versus TYC medium). 

Attachment and virulence were not restored when 
calcium was omitted from TYC medium. This suggests 
that (i) fi-l,2-glucan could be directly involved in attach- 
ment; although this seems unlikely, however, since exo- 
genously added fi-l,2-glucan does not affect attachment 
(O'Connell and Handelsman 1989; S. Swart, unpublished 
results), (ii) fl-l,2-glucan is needed for the synthesis or 

functioning of an attachment factor, or (iii) calcium is 
needed for virulence and/or  attachment. The calcium- 
binding protein rhicadhesin, which is involved in the first 
step of attachment of Rhizobiaceae to plant cells (Smit 
et al. 1989) has been reported to be anchored to the 
bacterial cell surface in a calcium-dependent manner 
(Smit et al. 1991). As a hypothesis, we propose that above 
a critical level (between 2.15 and 2.65 raM) calcium is 
toxic to fi-l,2-glucan deficient mutants but that, on the 
other hand, calcium is required for anchoring, stabiliza- 
tion and/or activation of rhicadhesin. Absence of fi-l,2- 
glucan apparently results in deregulation of this process. 
Ongoing research is focused on the role of rhicadhesin 
in virulence ofA. tumefaciens bacteria and on the possible 
connection between fi-1,2-glucan, calcium and rhicadhe- 
sin. 
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