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Functional Analysis of Two Chromosomal Virulence Genes
chvA and acvB of Agrobacterium tumefaciens
Using Avirulent Mutants with Transposon 5 Insertion
in the Respective Gene*

Parimal MAJUMDER**, Kenichiro TAKAGI**, Hidenari SHIOIRI**,
Masayuki NOZUE** and Mineo KOJjIMA**

Abstract

A mutant (M3 strain) of Agrobacterium tumefaciens was isolated by transposon (Tn5) mutagenesis.
The M3 strain was avirulent on all host plants tested, Daucus carota, Solanum tuberosum and Kalanchoe
pinnata. The avirulent phenotype of M3 strain was due to an insertion of Tns into the chvA
chromosomal virulence gene. Using this M3 strain (cAvA::Tn5) and two other strains, B119 strain (acvB::
Tn5) and A208 strain (parent, virulent), the functions of the ckvA and acvB chromosomal virulence genes
of A. tumefaciens were analyzed. When M3, B119 and A208 strains were co-cultured with tobacco BY2
suspension-culture cells in the presence and absence of acetosyringone (As), efficient T-DNA transfer
from an Agrobacterium cell to the nucleus of a tobacco cell occurred only with A208 strain in the presence
of As. However, the T-strand (an intermediate form of T-DNA for transfer) was produced normally in
all three strains in the presence of As. Analyses with tricine-SDS-polyacrylamide gel electrophoresis and
electron microscopy demonstrated that pili, which are assumed to mediate T-DNA transfer into the host
cell, were not produced on the cell surface of the M3 strain in either media with or without As. On the
other hand, perfect pili were produced on the cell surface of the A208 strain in the presence of As. On the
cell surface of the B119 strain, “imperfect” pili which were thinner than those on the A208 strain were
produced in the presence of As. Taken together, these results indicate that chvA and acvB likely play
roles in virulence by influencing formation of the pili through which the T-strands are thought to be
transfer into host cells.

(Received September 28, 1998 ; Accepted January 20, 1999)
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the cytoplasm of the host cell and finally reaches the
INTRODUCTION nucleus of the host cell®. Thus, the outline of the

Agrobacterium tumefaciens has the ability to transfer
the T-DNA segment from the resident tumor-inducing
(Ti) plasmid into plant nuclear genomes, resulting in the
crown gall tumor phenotype?®?®. For this inter-kingdom
DNA transfer process to occur, a set of genes in the
virulence region of the Ti-plasmid and some virulence
genes on the chromosome are required*”. Upon induc-
tion of the vi» regulon by inducers such as acetosyrin-
gone (As) from wounded plants, single-stranded scission
occurs on the bottom strand of T-DNA (T-strand) at the
5’-end to which the VirD2 protein binds covalently?*%®,
Some other proteins may bind to the complex, producing
a T-complex. The T-complex is then transferred into

mechanism of crown gall induction by A. fumefaciens
has been established, although the mechanism of some
of the processes have remained elusive.

Previously, we isolated a new chromosomal virulence
gene acvB from A. tumefaciens (A208 strain) harboring
a nopaline-type Ti-plasmid using a transposon (Tn5)
mutagenesis method?”. The B119 strain with a Tnd
insertion in the acvB gene shows an avirulent pheno-
type?”. In spite of the avirulent phenotype of BI119
strain, the vir-genes on Ti-plasmid are induced normally
by As, and the T-strands (or T-complexes) are produced
normally in the strain'®. The product of the acvB gene
(AcvB protein, 47 kDa) is localized in the periplasm'®
and is involved in the passage of the T-complex through

* The work was supported by Grant-in-Aid for COE Research (10CE2003) by the Ministry of Education, Science, Sports and

Culture of Japan.
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cell walls of the host plant, although its mechanism is
still obscure®.

In the present work, we isolated an avirulent mutant
(M3 strain) of the A208 strain using a transposon (Tn)
mutagenesis method. The M3 strain had a Tn insertion
in the chvA chromosomal virulence gene which had been
isolated and characterized earlier?. The gene product
(ChvA protein, 64.7 kDa) was reported to be localized in
the inner membrane and to participate in the transport
of B-1,2-glucans across the inner membrane®. The g-1,
2-glucans were once thought to be required for the
attachment of A. tumefaciens to the host plant cell, an
early step in crown gall tumor formation'®. However,
f-1,2-glucan is not involved directly in either attachment
of A. tumefaciens to the host cell or its virulence®®.

The objective of this study is to elucidate the function
of the chvA gene as well as the acvB gene by using M3
(chvA::Tnb), B119 (acvB:Tnb) and A208 (parent, viru-
lent) strains.

MATERIALS AND METHODS

Bacterial strains, plasmids and growth condi-
tions Agrobacterium tumefaciens and Escherichia
coli strains and plasmids used in this study are listed in
Table 1. A. tumefaciens strains were grown in/on either
AB minimal® or LB medium'? at 28°C. E. coli strains
were grown in/on LB medium at 37°C. The concentra-
tions (xg/ml) of antibiotics used in media were as fol-
lows : kanamycin, 100 ; gentamycin, 30 ; ampicillin 50 ;
tetracycline 10 ; hygromycin, 50. Introduction of plas-

mids into Agrobacterium was performed by trans-
formation®. DNA manipulation was carried out by the
methods of Sambrook et al.'”, unless otherwise noted.

Transposon (Tn5) mutagenesis and isolation of a
mutant Tns was introduced into A. tumefaciens
(A208) by conjugation with E. coli harboring a con-
jugative plasmid, pJB4JI, with Tn5 as reported
previously?”. Transconjugants were first selected on AB
minimal medium containing kanamycin. The kana-
mycin-resistant colonies were then transferred with
tooth picks onto plates of LB agar with and without
gentamycin to examine the presence of the pJB4]JI
plasmid. The kanamycin-resistant and gentamycin-
sensitive transconjugants were assayed for virulence on
root disks of Daucus carota. Total DNAs containing
both the Ti-plasmid and chromosomal DNA were iso-
lated by the method of Kado and Liu® from transcon-
jugants with the avirulent phenotype. The DNAs were
subjected to Southern blot analysis using the probe
(probe 1) which was prepared by labeling the IS50L
segment in Tn5 with [**P] dCTP (Amersham Phar-
macia Biotech, Takara Random Primer DNA Labeling
Kit, Ver. 2) (Fig. 3). Thus, one avirulent mutant with a
Tnb insertion in its chromosome was isolated and
named M3 strain.

Cloning of DNA segment with Tn5 insertion in
chromosome of M3 strain Chromosomal DNA of
the M3 strain was digested with EcoR1 which has no
cleavage site within Tn5'®. The digested DNA was
electrophoresed on an agarose gel, blotted onto a nylon
membrane and hybridized with probe 1. A hybridized

Table 1. Bacterial strains and plasmids
Strain or plasmid Characterization(s)® Reference
or source
A. tumefaciens
A208 Wild type, nopaline-type pTi, tumorigenic 13
B119 Tnb insertion in acvB gene on chromosome of A208, avirulent, Km" 27
M3 Tns insertion in chvA gene on chromosome of A208, avirulent, Km" This study
E. coli
JM109 Host of pUC119, recAl, supE44, hsdR17, gryA96 Commercial source
DHI1 Host of charomid 9-36, cosmid vector, supE44, hsdR17, recAl3, Commercial source
rpsL20
Plasmids
pJB4]I Inc P, Km", Gent", Strf, Mu::Tn5 8
pBR333::1S50 IS50 associated pBR333 18

Charomid 9-36 Cosmid vector, Amp”

Commercial source

pUCI119 Cloning and sequence vector, Amp® Commercial source
pUCD2 Broad host range plasmid vector, Tcf, Amp*, Km", Sp” 4
pCM3 Charomid 9-36 containing Tn5 and flanking segment 3.3 kb from M3 This study

strain, Km"
pUCM3 pUC119 containing the 3.3 kb Sacl-Sa/l segment from pCM3 This study
pUCICA pUCI119 containing chvA This study
pUCD2CA pUCD2 containing chvA This study
pIG121-Hm Binary vector, derivative of pBI121, an intron in AB-glucuronidase 15

gene, Km", Hyg"

a) Abbreviations: Km", Amp", Gent", Str*, Tc*, Sp", Hyg", are kanamycin, ampicillin, gentamycin, streptromycin, tetracy-

cline, spectinomycin, hygromycin resistance, respectively.
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band DNA (9.6 kb) was recovered from agarose gel and
ligated into a cosmid vector, Charomid 9-36, packaged
i vitro and introduced into E. coli (DH1). The
ampicillin- and kanamycin-resistant colonies were
selected. The cloned DNA in these colonies was ana-
lyzed by Southern hybridization analysis with probe 1.
The cosmid vector with the inserted Tnb-containing
DNA fragment (9.6 kb) was thus selected and named
pCM3.

Sequencing of the Tn5-containing DNA fragment
(3.3 kb) from M3 strain The DNA fragment
containing Tn5 and the flanking DNA was recloned in
the Sacl/Sall sites of the pUC119 plasmid and se-
quenced using the dye primer (21 M13) and sequencer
(model 370A/373A) of Applied Biosystems. The deter-
mined sequence was analyzed with GENETYX soft-
ware.

Cloning of chvA gene The entire chvA gene was
cloned by PCR: reaction using chromosomal DNA of
A208 strain as a template and primers which were
synthesized based on the reported sequence of chvA? :
5-terminal primer, 5-CGGGATCCGCCAATTTGTTA-
AGCCGCCATTCAGACAG-3"; ¥-terminal primer, 5-
TTACTGCAGAAAGAAAAAGGGCGGACAATGCTG-
3’. The restriction sites of BamH1 and Pst1, which are
indicated with underlines, were included in the 5- and
3’-terminal primers, respectively. The PCR reaction was
carried out at 94°C for 30 sec, 57°C for 1 min, 72°C for 1
min for the first 30 cycles, then 72°C for 10 min with the
PCR Amplication kit of Takara . After PCR, the prod-
uct was digested with BamH1 and Pst1 and applied to
agarose gel electrophoresis. The amplified DNA band
(1.9 kb) was recovered from agarose gel, inserted in
BamH1/Pstl sites of pUC119 (pUCYCA) and trans-
formed to E. coli (JM109).

Complementation of avirulent phenotype of M3
strain with chvA gene The chvA gene was pre-
pared from the pUCI9CA plasmid and inserted into the
BamH1/Pstl sites of pUCD2 (pUCD2CA). The
pUCD2CA plasmid was introduced into the M3 strain by
transformation. The pUCD2 plasmid without the chvA
gene was also introduced into the M3 strain to use as a
control in the complementation assay. To confirm the
presence of the plasmid (pUCD2CA or pUCD?2), plasmid
DNA was isolated from the transformed M3 strain and
analyzed by agarose gel electrophoresis after being
digested with BamH1 and Pstl. The A208, M3, M3
strain harboring pUCD2CA and the M3 strain harboring
pUCD2 were used to inoculate stems of Kalanchoe
pinnatas and gall induction was examined 6 weeks after
inoculation.

Assay of T-DNA transfer from Agrobacterium
cells to tobacco BY2 cells A binary vector pIG121-
Hm'®, in which the T-DNA region contains a g-
glucuronidase (GUS) reporter gene with an intron within
the coding sequence downstream of the cauliflower
mosaic virus 35S promoter, was introduced into the M3,
B119 and A208 strains. The A. tumefaciens strains

harboring the binary vector were co-cultured with
tobacco BY2 cells, and T-DNA transfer from A.
tumefaciens to tobacco cells was monitored by transient
expression of the GUS gene as reported®. Since the
binary vector (pIG121-Hm) contains an intron sequence
in B-glucuronidase (GUS) gene in the T-DNA region, the
GUS enzyme protein can be synthesized in plant cells
only after being transferred into plant nuclei'®. One unit
of GUS activity was defined as the activity producing
one pmol of 4 methylumbelliferon/min/mg protein. The
media for induction of A. fumefaciens and co-culture
included 200 4 M As, unless otherwise stated.

Detection of T-strand formation in M3 and
A208 strains The two strains were cultured at 28°C
for 18 hr in the conditioned LS media'® with and without
As. The conditioned LS medium was used to obtain good
growth of A. tumefaciens. The supernatant of the 3-day-
old tobacco BY2 culture (LS-medium, pH5.5) was
sedimented, then used as the conditioned LS medium.
Total DNAs were prepared from 7.8 X10'° cells of the
two strains and dissolved in 200 xl of water. The DNA
(20 p1) was digested with 60 units of S1 nuclease at 23°C
for 20 min. The digested and non-digested DNA were
separated on agarose gel and blotted on nylon mem-
brane (Hybond N*, Amersham Pharmacia Biotech.)
under non-denaturing conditions®®. The blotted mem-
brane was hybridized with a 3?P-GUS DNA probe.

Preparation of outer membranes, periplasmic
soluble proteins and spheroplasts from A.
tumefaciens cells The three strains were cultured
at 28°C for 3 days in media (200 ml) composed of fresh
LS medium (50 ml) and the conditioned LS medium (150
ml) which contained either As or no As. The cells were
harvested by centrifugation at 6000X g for 10 min and
washed twice with distilled water. Subsequently,
Agrobacterium cells were fractioned by the reported
method?" with some modifications. The washed cells
were suspended in 17.5 ml of ice cold distilled water. The
following chilled solutions were added gradually over
the indicated time with gentle shaking: 10 ml of 0.1 M
Tris-HCI, pH 8.3 (5min); 9ml of 2M sucrose (5 min);
1.75 ml of 1% Na,-EDTA, pH 7.0 (3 min) and 1.75 ml of
39% lysozyme (3min). The mixture was incubated at
37°C for 15 hr and then centrifuged at 20,000 X g at 4°C
for 15 min to collect spheroplasts. Thereafter, the resul-
tant supernatant was centrifuged at 95,000 X g at 4°C for
45 min to collect the outer membrane fraction. The final
supernatant contained the periplasmic soluble protein
fraction.

Tricine SDS-polyacrylamide gel electrophoresis
(tricine-SDS-PAGE) The protein contents of the
sample solutions were determined with a protein assay
kit from BIO-RAD. The sample solutions containing the
same amount of proteins were boiled in 10 mM Tris-
HCI, pH 6.8, including 19 SDS, 19 2-mercaptoethanol
and 209 glycerol for 3 min and then subjected to tricine-
SDS-PAGE (16.5%) as described by H. Schigger and G.
V. Jagow?". After electrophoresis, proteins were stained
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with silver stain II kit (Wako).

Electron microscopy A. tumefaciens cells and the
outer membrane fractions of the A. tumefaciens cells
were suspended in 50 mM MgCl, solution. Both suspen-
sions were mixed with an equal volume of 29 phos-
photungstic acid solution (pH 7.4) and deposited on
Formvar films on 200-mesh copper grids (VECO GRID).
Usually about 10 g1 of the mixture was placed on each
grid for 5 min, and then excess fluid was removed with
filter paper. Subsequently, the grids were air-dried for 2
min. The samples were observed in an electron micro-
scope (model JEM 1200, JEOL) at 80 kV.

RESULTS

Isolation of an avirulent mutant of A.

tumefaciens with Tn5 insertion in its chromo-

some

Tn5 was introduced into A208 strain by using a
conjugative plasmid, pJB4JI (kanamycin-resistant (from
Tn5) and gentamycin-resistant). Then the kanamycin-
resistant and gentamycin sensitive transconjugants were
selected and assayed for virulence on carrot root disks.
Total DNAs were isolated from avirulent transcon-
jugants and subjected to Southern blot analysis using
probe 1 (IS50L in Tnb) to determine whether Tn5 was
inserted into the Ti-plasmid or the chromosome. Finally,
one avirulent mutant with a Tn5 insertion in its chromo-
some was isolated and named the M3 strain (Fig. 1).

Characterization of M3 mutant strain

The growth rate of the M3 strain on AB minimal and

pTi >»

chr >»

1 2

Fig. 1. Cellular location of the Tnb insertion in avir-
ulent mutant M3 strain. Total DNA from M3
strain was electrophoresed on agarose gel. The
gel was stained with ethidium bromide (lane 1)
and blotted onto a nylon membrane, which was
hybridized with probe 1 (lane 2). pTi, Ti plas-
mid ; chr, chromosomal DNA.

LB media was similar to that of A208 strain (parent
strain) and the morphological features such as shape and
color of the colonies of both strains were identical (data
not shown). The M3 strain was avirulent on not only on
carrot root disks (Dawucus carota) but also on potato
tubers (Solanum tuberosum) and stems of Kalanchoe
(Kalanchoe pinnata) (data not shown). To determine the
number of Tn& insertions in the chromosome, the
chromosomal DNA of M3 was digested by either EcoR1
(has no cleavage site within Tnb) or BamH1 (has one
cleavage site)'?. The digested DNA samples were ana-
lyzed by Southern hybridization using probe 1. Only one
band (9.6 kb) was detected in the sample digested with
EcoR1, while two bands (15.0 and 8.5 kb) were detected
in the sample digested with BamH1 (Fig. 2). The results
indicated that one Tn& is inserted in the chromosome of
M3 strain. The DNA segment (9.6 kb) with a Tn5 inser-
tion in the chromosome of M3 was cloned (Fig. 3), and
the DNA segment flanking IS50R of Tn& in Fig. 3 was
sequenced (data not shown). The determined sequence
was subjected to a homology search, which indicated
that Tnb was inserted at basel224 from the 5"-end of the
chvA gene for which the sequence had already been
reported?.

Cloning of the chvA gene and complementation

of M3 strain with the chvA gene

The c¢hvA gene was amplified using PCR, the
chromosomal DNA of the A208 strain was used as a
template, and the primers were synthesized based on the
reported sequence of chvA?. The amplified DNA (1.9 kb)
was inserted into BamH1/Pst1 sites of pUCD2 (broad-

<« 15.0kb
9.6 kb

1 23

Fig. 2. Determination of number of Tné insertions in
chromosome of M3 strain. The chromosomal
DNA was isolated from A208 and M3 strains
and digested with either EcoR1 or BamH1. The
digested DNA was subjected to Southern blot
analysis using probe 1. Lane 1, A208 strain,
EcoR1-digested ; lane 2, M3 strain, FEcoRl1-
digested ; lane 3, M3 strain, BamH]1-digested.
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Fig. 3. The structure of the Tn5-containing DNA fragment (9.6 kb) which was cloned from M3 avirulent mutant. “Probe
1” shows the sequence used for preparation of probe 1 which was used in the experiments of Fig. 1 and 2. K, shows
the segment of kanamycin-resistance gene. EcoR1 and BamH1 indicate the restriction sites of the respective
enzymes. The open bars indicate the DNA segments derived from the chromosome of A. tumefaciens.

Fig. 4. Complementation of M3 strain (avirulent) by
the cloned chvA gene. The cloned chvA gene
was inserted into pUCD2 plasmid (pUCD2CA)
and introduced into the M3 strain. Various
strains of A. tumefaciens were inoculated on the
stems of Kalanchoe pinnata. Photographs were
taken 6 weeks after inoculation. 1, A208 strain
(parent, virulent); 2, water-inoculated; 3, M3
strain ; 4, M3 strain harboring the chvA-inserted
pUCD2 (pUCD2CA); 4, M3 strain harboring
pUCD2 vector without chvA.

host-range plasmid vector), producing pUCD2CA. The
pUCD2CA plasmid was introduced into M3, and the
resulting M3 strain harboring pUCD2CA was assayed
for virulence on stems of Kalanchoe pinnata (Fig. 4). The
M3 strain harboring pUCD2CA induced big galls, while
M3 strain harboring the pUCD2 vector without chvA
gene did not. The result confirmed that the avirulent
phenotype of M3 strain was due to a Tnb insertion in
the chvA gene on its chromosome.

T-DNA transfer to host plant cell in media with

and without As

The M3, B119 and A208 strains harboring a binary
vector pIG121-Hm were co-cultured with tobacco BY?2
cells in LS media (pH 5.5) with or without As, and
T-DNA transfer to nuclei of host cells were monitored
by transient GUS activity (Fig. 5). In the media with As,
high GUS activity (22 units at the maximum) was detect-
ed with A208 strain, while negligible activity was detect-
ed with M3 and B119. On the other hand, reduced GUS
activity (8 units at the maximum) was detected with
A208 strain, and very low activity (1-4 units at the
maximum) was detected with M3 and B119 strains in the
media without As. The results showed that the addition
of As was required for efficient T-DNA transfer from A.

25 T T
A —0-—-Strain A208
—0—Strain B119
20 —0—Strain M3
z
‘s
2
>
=
2
s 25 T T T
« B —O—Strain A208
7 —O—Strain B119
= 20 | ~0—Strain M3
&}
15 -
10 |-
S ]
0l /,/;%
1 2 3 4 5

Day after Start of Co-culture

T-DNA transfer from M3, B119 and A208
strains to nuclei of tobacco BY2 cells in media
with and without As. The three strains harbor-
ing a binary vector, plG121-Hm, were co-
cultured with tobacco BY2 cells in LS media
(pH 5.5) with or without As (100 ¢M), and T-
DNA transfer to nuclei of host cell was moni-
tored by a transient GUS activity. Panel A, in
the medium with As; panel B, in the medium
without As. Experiments were repeated three
times. The bar at each point represents the
standard deviation.

Fig. 5.

tumefaciens cell to host cell. The optimal concentration
of As changed with cultures; either 100 xM or 200 4 M
of As was used in this study.

T-strand formation in M3 strain

As mentioned in the INTRODUCTION, the T-strand
is formed at_an early stage in crown gall tumor induc-
tion by single-stranded scission of T-DNA on the Ti-
plasmid, and the resultant T-DNA is transferred to host
plant cells. Previously, the T-strand was produced nor-
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Detection of T-strand formation in M3 and
A208 strains by Southern blot analysis. The two
strains harboring a binary vector, pIG121-Hm,
were cultured in LS media (pH 5.5) with or
without As. Total DNA was isolated from the
cultured cells and applied to agarose gel electro-
phoresis after either digestion with S1 nuclease
or no digestion. Then the gel was blotted under
non-denaturing conditions and hybridized with
a probe of 3*P-GUS DNA. As +, cultured in
media with As; As —, cultured in media with-
out As; S1 +, digested with S1 nuclease ; S1 —,
non-digested with S1 nuclease. Lanes 1, 3 and 5,
A208 strain; lanes 2, 4 and 6, M3 strain.

Fig. 6.

mally in B119 strain as it is in A208 strain, when cul-
tured in media containing As'®. Thus, the experiment
was performed to examine whether or not T-strand was
formed in the M3 strain cultured in the medium with As
(Fig. 6). Total DNAs were prepared from the M3 and
A208 strains harboring a binary vector, pIG121-Hm,
which were cultured in media with or without As. The
DNA samples were separated on agarose gel, blotted
onto a nylon membrane under non-denaturing con-
ditions®® and hybridized with *?P-probe of GUS DNA.
Positive bands were detected with both strains cultured
in media containing As, but not with both the strains
cultured in media containing no As. The bands disap-
peared when DNAs were analyzed after treatment with
S1 nuclease, an enzyme that digests single-stranded DNA
but not double-stranded DNA. These results indicated
that the T-strand was normally produced in M3 strain as
well as in A208 strain when cultured in media with As.
Tricine SDS-PAGE of outer membrane proteins,
periplasmic soluble proteins and spheroplast pro-
teins of the three strains of A. tumefaciens
cultured in media with or without As
The M3, B119 and A208 strains were cultured in
media with or without As and then fractionated into
outer membrane, periplasmic soluble protein and sphero-
plast fractions. The protein compositions of the three

A

1 2 3 4 5 6

(kDa) 3
31.0|—

204 —
16.9|—

144|—

61—

3.5

B C

1 2 3 4 5 6 1 2 3 4 5 6

(kDa)
310

204 —
16.9|—

44—

6.1/—

35—

Fig. 7. Tricine-SDS-polyacrylamide gel electrophore-
sis of various subcellular fractions from M3,
B119 and A208 strains which were cultured in
media with and without As. The outer mem-
brane proteins (panel A), periplasmic soluble
proteins (panel B) and spheroplast proteins
(panel C) were prepared from the cells of the
three strains which were cultured in media with
and without As and then applied to electrophore-
sis. In all panels, lanes 1-3 are samples from
cells cultured in media with As. Lanes 4-6 are
samples from cells cultured in media without
As. Lanes 1 and 4, B119 strain; lanes 2 and 5,
M3 strain; lanes 3 and 6, A208 strain.

fractions were analyzed with tricine-SDS-PAGE (Fig. 7).
Tricine as a trailing ion provides sharper resolution of
small proteins than when glycine is used. As can be seen
from a comparison of the panels A, B & C in Fig. 7, the
protein composition clearly differed among the three
fractions, indicating that the three fractions had been
well-separated.

The protein band patterns of the outer membrane
fraction of the three strains cultured in media containing
As (lanes 1-3, panel A, Fig. 7) were different from those
of the three strains cultured in media containing no As
(lanes 4-6, Fig. 7). This result showed that As induced
changes in cell surface structure of A. fumefaciens. In
addition, when the three strains were cultured in media
with As, the protein bands differed in the range between
15 and 5 kDa of the outer membrane fractions (lanes 1-
3, panel A, Fig. 7); 7-8 bands were detected with A208
strain (lane 3, panel A, Fig. 7). Two clear bands were
observed with B119 (Iane 1, panel A, Fig. 7) and two faint
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Fig. 8. Electron micrographs of cells of M3, B119 and
A208 strains cultured in media with and without
As. The cultured cells were examined with an
electron microscope at a magnification of 30 K
after being stained with phosphotungstic acid.
Panels A, A208 strain cultured with As ; B, A208
strain cultured without As; C, B119 strain cul-
tured with As; D, B119 strain cultured without
As; E, M3 strain cultured with As; and F, M3
strain cultured without As. An arrow in panel A
points to a flagellum with diameter of about 13
nm and an arrowhead points to pili.

bands were seen with M3 (lane 2, panel A, Fig. 7). This
result demonstrated that the M3 and B119 strains were
differently impaired by the change in cell surface struc-
ture induced by As.

In contrast, As (acetosyringone) did not affect the
protein composition of the periplasmic soluble protein
and spheroplast fractions (panel B and C, Fig. 7). More-
over, the protein composition of those two fractions was
almost the same among the three strains when they
were cultured in both media with and without As (panels
B and C, Fig. 7).

Electron microscopic observation of the three

strains cultured in media with or without As

The M3, B119 and A208 strains were cultured in
media with and without As and then observed with an
electron microscope after staining with phosphotungstic
acid (Fig. 8). Pili were seen with the A208 strain when
cultured in media with As (panel A, Fig. 8), while pili
were not seen in culture media without As (panel B, Fig.

Al

200 nm

Fig. 9. Electron micrographs of outer membranes from
cells of M3, B119 and A208 strains which were
cultured in media with and without As. Outer
membranes were stained with phosphotungstic
acid and then observed at a magnification of 40
K. Panels A, A208 strain cultured with As; B,
A208 strain cultured without As; C, B119 strain
cultured with As; D, B119 strain cultured with-
out As; E, M3 strain cultured with As; and F,
M3 strain cultured without As. Arrow and
arrowheads in panel A shows a flagellum (13 nm
in diameter) and perfect pili (4 nm in diameter),
respectively. The arrowheads in panel C showed
“imperfect” pili which are a little thinner (2-3
nm) than “perfect pili” of A208 (parent) strain in
panel A.

8). Some pilus-like structures were observed on the cell
surface of B119 cultured in medium with As (panel C,
Fig. 8), whereas no such fibrous structure was seen in
media without As (panel D, Fig. 8). With M3, no fibrous
structure was observed whether the cells were cultured
in media with or without As (panel E and F, Fig. 8).
Electron microscopic observation of outer mem-
branes from the three strains cultured in media
with and without As
Many fibrous structures about 4 nm in diameter could
be seen in the outer membrane fraction from the A208
strain cultured in medium with As (panel A, Fig. 9).
Those thin fibrous structures were regarded as pili since
the diameter of these structures was smaller than that
(about 13nm) of a flagellum (arrow in panel A) and
coincided with the reported diameter (3.8 nm) of pili?.
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These structures were not seen with A208 strain when
cultured in medium without As (panel B, Fig. 9). In the
outer membranes from B119 strain cultured in medium
with As, there were fewer fibrous structures which were
thinner (2-3 nm in diameter) than that of A208 (panels A
and C, Fig. 9), whereas no pilus-like structure was found
in B119 cultures in medium without As (panel D, Fig. 9).
Pilus-like structures were not seen in outer membranes
from M3 cultured in media with and without As (panels
E and F, Fig. 9). In the panels of Fig. 8 in which A.
tumefaciens cells were observed, flagella were seen only
on the A208 strain cultured in medium with As. How-
ever, in the samples exemplified in Fig. 9 in which outer
membranes from a large number of cells were observed,
all samples included a limited number of flagella,
although panels from B to D in Fig. 9 do not show any
flagella. The result suggested that the three strains
produced a limited number of flagella regardless of the
presence or absence of As.

DISCUSSION

The avirulent mutant strain (M3 strain) isolated was
shown to be a mutant with a Tnb insertion in the chvA
gene on a chromosome which had been isolated
earlier®®. The chvA gene was isolated from an avirulent
mutant with a reduced ability to attach to plant
surfaces®. The mutant had a defect in production of -1,
2-glucan, one of the superficial polysaccharides of A.
tumefaciens. When the mutant was complemented, the
ability to produce the glucan was restored. Thereafter,
the chvA gene was shown to be involved in transport of
f3-1,2-glucan across the inner membrane®. The chvA
gene was cloned and its complete sequence was
determined?.

The gene product of chvA (ChvA protein, 64.7 kDa) is
localized in the inner membrane®. However, a role for
B-1,2-glucan in attachment to the host plant and in
virulence was suspected by Swart ef al.?2¥. They showed
that 3-1,2-glucan could not restore virulence and attach-
ment ability of the mutant with a mutation in the chvB
gene, which is responsible for A-1,2-glucan synthesis.
Instead, the virulence and attachment ability of the
mutant was restored by the addition of ricadhesin, a
Ca-binding protein. Thus, £-1,2-glucan does not seem to
be directly involved in the attachment to host and
virulence. Nevertheless, a mutation in the civA gene did
completely knock out virulence on all plants tested, as
shown in this paper and previous® paper. Therefore, we
speculated that lack of g-1,2-glucan might cause the
change in cell surface architecture of A. tumefaciens
which in turn affects its virulence.

As has long been known to induce the vir genes on the
Ti-plasmid during gall induction, in addition, some other
processes might be induced by As during tumorigenesis.
As a result, T-DNA transfer from the three strains to
tobacco BY2 cells were examined in media with and
without As (Fig. 5). As expected, A208 strain efficiently

transferred T-DNA into the host plant cells in the
medium with As but not in the medium without As.
Neither M3 nor B119 strain transferred T-DNA into the
media, with or without As. However, T-strand (an inter-
mediate form of T-DNA for transfer) was produced
normally in the M3 strain as well as in the A208 strain
(Fig. 6). Therefore, the processes until T-strand forma-
tion must have proceeded normally in M3 strain as
shown with B119 strain previously'?. A blockage must
occur in some stage following T-strand formation for
both M3 and B119 strains.

Evidence has accumulated that the T-strand, formed
inside A. tumefaciens, is transported into the cytoplasm
of host cells through pili on A. fumefaciens cellst™V,
Recently, Lai and Kado isolated the pilin subunit of the
promiscuous conjugative pilus which is responsible for
T-DNA transfer!®. The pilin subunit was the 7.2 kDa
processed product of the VirB2 protein.

According to the results obtained in this study, the M3
and BI119 strains very likely have a defect in pilus
formation. Tricine-SDS-PAGE of the outer membranes
from the three strains revealed that M3 and B119 strains
lacked some protein bands in the molecular weight
range (5-15 kDa) corresponding to the pili proteins (panel
A, Fig. 7). Pili were seen with A208 strain cultured with
As but not with A208 strain cultured in the medium
without As. Some pilus-like structures were seen on
B119 strains when cultured in medium with As, but not
when cultured in medium without As. No pili were seen
on the M3 strain cultured in both media with and
without As (Fig. 8 and 9). The pilus-like structures on
B119 strain were regarded as “imperfect” pili based on
the following two facts. First, they are thinner (2-3 nm
in diameter) than that (4 nm in diameter) of the “perfect
pili” of A208 strain (Fig. 9). Second, tricine-SDS-PAGE
of the outer membrane fraction of B119 strain showed a
decreased number of protein bands in the 5 and 15 kDa
range (panel A, Fig. 7).

After considering the results and discussion together,
we propose the mechanisms for the avirulent phenotypes
of M3 and B119 strains as follows : the chvA gene, which
functions to transport A-1,2-glucan across the inner
membrane, is mutated in the M3 strain, thus inhibiting
the accumulation of £-1,2-glucan on the cell surface.
This decrease or loss of 8-1,2-glucan, in turn, inhibits the
formation of pili on the cell surface that are the channel
for T-DNA transfer into the host plant cell. As a result,
the M3 strain cannot transfer T-DNA into the host cell,
although the T-strand is normally produced in the cell.
In the B119 strain, the acvB gene, which produces the
AcvB protein (47 kDa) localized in the periplasm, is
mutated. The lack of the AcvB protein in the periplasm,
in turn, might affect the formation of pili, resulting in
the formation of imperfect pili. Thereby, the B119 strain
cannot transfer the T-strand produced inside the cell to
the host cell.

These proposed mechanisms for the avirulence of the
M3 and B119 strains are also supported by our previous
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results®. A208 strain could transfer T-DNA to tobacco
BY? cells regardless of the presence or absence of cell
walls. B119 could transfer T-DNA to protoplasts of BY2
cells, but could not transfer T-DNA to BY2 cells having
cell walls. However, M3 could not transfer T-DNA to
BY? cells, regardless of the presence or absence of cell
walls. These results are consistent with the model and
the results presented in this paper; the A208 strain
produced “perfect” pili, the B119 strain produced “im-
perfect” pili and the M3 strain produced no pili.

We thank Mr. K. Kametani for his kind help in electron
microscopic analysis.
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P. MAJUMDER * AR —RS - HATEEL - RIS - NS el
Agrobacterium  tumefaciens DRk EOREMBEF, acvB
£ & O chvA O transposon 5 FHAFEREMERE 2 H iz
HEMEAT

FS U ARY > (Tnd) HRERERAWT, A. tumefaciens
(A208 HI, JWIRPE) L VIERAMEERE M3WH) 2987,
M3BEIE=> vy, Yy b4 2%, fEEY T X IEREE %
L Tze M3 EIIHEME EOREMEEGET (chwAd) I Tns 551
A I NI D RIEREE 2R T I e 8bhrotc, 20O M3
B ez BUETEEL 72 B119 B Gtk B EME R T acoB
2 Tns B3 1EBASNI D CIHFRREEEZTRT) B UHKE
(A208 B) % T, MHEET OMEEMENT 21T > 1z, 50 3 Btk
ryona BY2 Milg a4t L 7- £ 2 5, T-DNA O ¥ N a#ifa
KNA~OREBIZ 72 b)) Ty (As) 2&teigthb T,
A208 I COAII o720 L L, As it ¢, JEmIEIER

M3 & B119# % T-DNA QORHEHARICTH 2 T-strand @
R E TORIGITIER ZETL Twiz, 3EKE% T-DNA O
B 2 % As RIIEHL &, BERBLNE 2 & ovs As SIS T
BEL, ThPhOE» S, RV 7T XLaENES 82
B, A7za A MEHEBL, tricine-SDS-K) 727D L7T 2
F7FVERKEI TS X B RO LT, As iRinEsh ¢
REL-EONEESICB VT, 3EREICEERZSRD &
Nz, MEOERY > /227E (pilin) BEZNDEHEINS
5~15kDa DfEBRIZ, M3 B3k 24, B119 BEIXE#% 2 &,
A208 THIZ T~8 KD F > 7Ny R a iz, LEOHEBE
ML A2 BEFREMBECHRE L 2 5, Asiinstihc
A208 HE I “=4k” BE%, Bl EHIX “REeh” BREXR
LTWwiz, =5, M3E TR E o7 SBENBEINE -T2,
BEI1Z, T-DNA OBBRER THE2 I EBHOPITINDDH
D, 202 FEOBEREEZ bbY D &, A. tumefaciens D
Petafk b OIRRMER T, acvB & chvA 12 T-DNA OF Y
HIFAOBERETH 2B BOTRRICHT 2 HELEBL URE
HiclEE L Twa LTSRS,
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