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The transfer of T-DNA from Agrobacterium to plant cells is medi-
ated by a system which involves the virB operon of the Ti plasmid.
We report that VirE2 and VirD2, two T-DNA-associated proteins, as
well as VirF, a protein known to be secreted into plant cells, are
presentin the periplasm and supernatant fractions of growing cells
of Agrobacterium as are Vir) and ChvE, two known periplasmic
proteins. Two cytoplasmic proteins, Ros and chloramphenicol
acetyl transferase, and a VirE2::green fluorescent protein construct
were not detected in the above fraction. Export of VirE2 into the
culture supernatant did not require any Ti plasmid genes, except
for VirE1, a specific chaperone for VirE2. The levels of the VirE2 and
VirD2 proteins in the supernatant increased significantly when cells
were grown at 19°C as compared with 28°C. When Agrobacterium
expressed the oncogenic suppressive activity protein (Osa), VirE2
and VirF proteins could not be detected in the supernatant or the
periplasm and the level of VirD2 was greatly reduced. However,
oncogenic suppressive activity protein did not block the accumu-
lation of Vir) and ChvE in the periplasm. Our data suggest that
VirD2, VirE2, and VirF are transported across the cytoplasmic
membrane by a specific pathway, independent of virB. Thus,
transfer of the T-complex of Agrobacterium may take place in two
steps, the first mediated by an unidentified pathway and the
second by the virB system.
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grobacterium tumefaciens induces tumors in plants by trans-

ferring a piece of single-stranded DNA, T-DNA, from its
tumor-inducing (Ti) plasmid into plant cells (1). The subsequent
integration and expression of T-DNA in the plant genome leads
to the formation of crown gall tumors. Because any DNA region
on the T-DNA, regardless of its sequence, will be transferred to
the host, A. tumefaciens has been widely adapted as a vehicle to
transfer foreign genes into plants. However, fundamental ques-
tions as to how the T-DNA is exported from bacteria and
integrated into the plant genome remain to be answered.

T-DNA is transported into plant cells as part of a nucleopro-
tein complex, the T-complex, consisting of single-stranded DNA,
VirD2, and perhaps VirE2. The T-DNA is delineated by two
imperfect repeat sequences, the T-borders (2, 3). VirD2 cleaves
the bottom strand of the T-DNA at the T-borders (2-4) and
remains covalently bound to the 5’ end (5, 6). VirE2 is a
nonsequence specific single-stranded DNA-binding protein
which presumably coats the T-DNA and protects it from host
nucleases (7). VirE2 functions primarily in plants because plants
expressing VirE2 can be successfully infected by A. tumefaciens
lacking VirE2 (8). Both VirD2 and VirE2 possess functional
nuclear localization signals that guide the T-DNA to the plant
cell nucleus (9, 10).

Transfer of the T-complex in A. fumefaciens relies on the
T-pilus, a structure encoded by the virB operon (11-13). Muta-
tions in any of the 11 genes in this operon abolish both the pilus
and tumor formation (13-15). Although the VirB proteins
possess homology to components of other conjugal transfer
systems (11, 14, 15), no direct evidence exists that the T-pilus is

the transport channel for the T-complex. Protein homologues of
the virB system can be found in many animal pathogens, includ-
ing Bartonella henselae, Bordetella pertussis, Brucella abortus,
Brucella suis, Helicobacter pylori, Legionella pneumophila, and
Rickettsia prowazekii (14, 16). In mammalian pathogens, these
systems are required for the export of toxins and other uniden-
tified virulence factors as well as for intracellular survival (14,
17). For example, the transfer of the pertussis toxin of Bordetella
and the CagA protein of Helicobacter depends on these systems
(17, 18). Two virB-like secretion systems have been reported in
L. pneumophila (19). The icm /dot system contributes to transfer
of pRSF1010 and intracellular survival, whereas the /v system
facilitates only pRSF1010 transfer.

Current models for T-complex export propose a one-step
transfer process from the bacterial cytoplasm to the plant cell
via the T-pilus (11, 15). In part, this is based on the fact that
neither VirD2 nor VirE2 have typical signal peptides for
sec-dependent transport into the periplasm. In B. pertussis,
however, pertussis toxin appears to be exported by a two-step
process because its subunits contain typical signal peptides (17,
20). The subunits are transported independently into the
periplasm where the toxin is assembled, and then secreted by
a virB-like system (20). In Agrobacterium, it is unclear whether
VirE2 and the T-strand with VirD2 covalently linked to
T-DNA enter plants as a preassembled complex or as separate
entities. Although a preassembled T-complex has been de-
tected inside A. tumefaciens (21), extracellular complementa-
tion experiments suggest that the T-strand and VirE2 can
originate in separate bacteria (22).

We report that VirE2, VirD2, and VirF, the three exported
virulence proteins, are present in the supernatant of growing
cells of A. tumefaciens. In Agrobacterium, the secretion of these
proteins does not depend on the T-pilus, suggesting that a novel
pathway or additional components may participate in the export
of virulence proteins in A. tumefaciens.

Materials and Methods

Strains, Plasmids, and Molecular Techniques. DNA fragments of
virk2 (23), virE1 + E2 (23), oncogenic suppressive activity (0sa)
(24), phoA (25), chloramphenicol acetyltransferase (CAT), and
gfpmut2 (26) were amplified with sequence-specific primers by
using Vent DNA polymerase (New England Biolabs). For all
genes, a unique Ndel site was introduced into the start codon in
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the 5’ primers and a different unique restriction site after the
stop codon in the 3’ primers. These restriction sites were used to
fuse these genes into the ptac expression vector, pPR1068 (New
England Biolabs). Extracellular complementation experiments
were performed according to Otten et al. (22). Standard mo-
lecular biology techniques were performed as described in
Ausubel et al. (27).

Growth of Bacteria and Cell Fractionation. Bacterial strains were
grown in mannitol glutamate/Luria (MG /L), AB, or induction
media as indicated (25). Cultures were incubated at 28°C unless
stated otherwise. All strains were first grown overnight in MG /L
to saturation and then diluted 1:50 into fresh media. After an
additional 6—8 h growth (ODgq of about 1.2 for MG /L, 0.17 for
induction and AB medium), the cells were centrifuged at
16,300 X g for 30 min. This pellet was designated the total cell
fraction. The supernatant was centrifuged again at 27,300 X g for
an additional 30-60 min to remove any residual bacteria.
Trichloroacetic acid was then added to a final concentration of
10%. The mixture was incubated at 4°C for 16 h and then
centrifuged to pellet the precipitated proteins. This pellet was
designated the supernatant fraction. The pellets recovered after
trichloroacetic acid precipitation were washed twice with 80%
acetone before analysis. Periplasmic proteins were isolated from
the total cell fraction as described by Lu and Lory (28). The
pellet remaining after the isolation of the periplasmic proteins
was resuspended in buffer containing Tris (pH 7.0)/10% glyc-
erol/0.1 uM NaCl/0.1 uM PMSF, and was solubilized by two
10-s sonication treatments at 0°C. This preparation was then
centrifuged and separated into a soluble fraction, designated the
cytoplasmic-soluble fraction, and an insoluble fraction, desig-
nated the cytoplasmic-insoluble fraction.

Western Blot Analysis. Proteins were resuspended in SDS/PAGE
buffer, electrophoresed in either N-[tris(hydroxymethyl)]glycine
or glycine gels (29), and blotted onto poly(vinylidene difluoride)
membranes (Millipore) by using a semidry electrophoresis trans-
fer apparatus (Bio-Rad). Unless specified otherwise, each lane
was loaded with the equivalent of 50 ml of culture supernatant
derived from cultures grown to similar densities. In most cases,
the membranes were cut at the region corresponding to 32-42
kDa. The high molecular weight portion was developed with
VirE2 (30), VirD2 (Alpha Diagnostic International, San Anto-
nio, TX), PhoA (5§’ to 3'), or GFP (Boehringer Mannheim)
antibodies. The low molecular weight portion was developed
with Ros (13), VirJ (31), VirF (32), or CAT (5’ to 3") antibodies.
Western blotting was performed according to Harlow and Lanes
(33) with enhanced chemiluminescence or enhanced chemilu-
minescence/plus (Amersham International).

Results

VirE2 and VirD2 Are Secreted into the Culture Supernatant. Western
blot analyses of the supernatant and the total cell fractions from
induced cells of A. tumefaciens A348 were performed by using
VirE2 and VirD2 antibodies. The analysis of VirE2 shows a
protein band of ~66 kDa in both the total cell protein and the
supernatant fractions (Fig. 1). This band corresponds to the
predicted mobility of VirE2 and is not seen in virE2 mutant
controls (At12516; KE1; ref. 34). A similar analysis of the VirD2
Western also shows a protein band at 63 kDa in the total cell and
supernatant fractions, but not in avirD2 mutant (At10002). After
compensating for the volumes analyzed, we conservatively esti-
mate that about 1% of the total VirE2 and VirD2 proteins are
in the supernatant fraction.

Because VirE2 and VirD2 in the supernatant fraction could
result from either cell lysis or trace amounts of residual bacteria,
two cytoplasmic proteins, Ros and CAT, which served as cyto-
plasmic controls in other studies (13, 35, 36), were used to detect
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Fig. 1. Western blots of the supernatant and total cell fractions from
different constructs in A. tumefaciens strain A348. Cells were grown at 28°C
under vir gene-inducing conditions, separated into supernatant and total cell
fractions (noted on the top). The proteins were detected by using specific
antibodies (noted on the left). Lane 1, A348; lane 2, A348 (pUFR047); lane 3,
A348 (ptac-ros/pUFR047); and lane 4, A348 (ptac-CAT/pUFR047). Total cell
proteins, TCP; and supernatant proteins, SP.

cell lysis. Neither Ros (18 kDa) nor CAT (26 kDa) was detected
in the supernatant fraction. To further increase the sensitivity,
we expressed Ros and CAT from the strong promoter, ptac. Even
at the elevated levels of expression, we did not detect either
control protein in the supernatant fraction. We also passed the
supernatant fraction through a 0.22 uM low protein-binding
filter before trichloroacetic acid precipitation. VirE2 was still
detected in these fractions, suggesting that residual bacteria did
not contribute VirE2 to the supernatant fraction. These data all
suggest that the VirE2 and VirD2 are exported into the super-
natant of Agrobacterium.

VirE2::PhoA, But Not VirE2::GFPmut2, Is Released into the Supernatant
Fraction. Studies of two fusion forms of VirE2 also support the
above conclusion. The bacterial phoA gene lacking a leader
sequence was fused to the C-terminal domain of VirE2. This
construct (ptac-virEl + E2::phoA) was transformed into a phoA~
strain of A. tumefaciens, A6007 (25). Although a wild-type copy
of the virE operon exists in A6007, native virE2 is not expressed
in MG /L. Colonies carrying ptac-virE1 + E2::phoA were light
blue on a MG/L plate containing 5-bromo-4-chloro-3-indolyl
phosphate (data not shown), indicating that the VirE2::PhoA
protein was exported from the cytoplasm. Western blot analysis
with VirE2 antibodies confirmed that VirE2::phoA was present
in the supernatant fraction of cells grown in MG /L (Fig. 24).
Two bands are present. A 115-kDa band corresponds to the
predicted size of the VirE2::PhoA protein; the second 66-kDa
bands corresponds to VirE2. PhoA antibodies detected only one
band at the same position as VirE2::PhoA, verifying that the
fusion protein was present in the supernatant fraction (data not
shown). VirE2::PhoA appears to be unstable because several
bands, presumably representing degradation products, were
detected in the total cell fraction (data not shown). However,
multiple bands were not detected in the supernatant fraction. In
this case, either the degradation products were not exported,
were readily degraded in the supernatant, or beyond the level of
antibody detection.

A second fusion construct, ptac-virEl + E2:gfpmut2, was
transformed into A348 and a virE deletion mutant, KE1. These
strains exhibited a green fluorescence (data not shown), indi-
cating that the fusion protein was expressed. This protein could
be detected in the total cell fraction by using both VirE2 and
GFP antibodies. The VirE2::GFPmut2 was not degraded. Unlike
VirE2::phoA, the VirE2::GFPmut2 was not detected in the
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Fig.2. Western blots of A. tumefaciens containing VirE2 fusions with PhoA
and GFPmut2. (A) Supernatant fraction from PhoA constructs detected with
VirE2 antibodies. A348 (lane 1) was grown under inducing conditions, and
A136 (phoA™) (ptac-virE1 + E2::phoA/pUFR047) (lane 2) was grown under
noninducing conditions. (B) Cells were grown at 28°C under inducing condi-
tions, separated into the supernatant and total cell fractions (noted on the
top), and detected with protein-specific antibodies (noted on the right). Lane
1, A348 (pUFR047); and lane 2, A348 (ptac-virE1 + E2::gfpmut2).

supernatant fraction of either A348 or KEI1, suggesting that
VirE2::GFPmut2 is not exported. This would explain why prac-
virEl + E2:gfpmut2 could not complement KE1 in tumor
formation. Although VirE2 could still be detected in the super-
natant fraction in A348 (ptac-virEl + E2::gfpmut2) (Fig. 2B), the
virulence of A348 (ptac-virEl + E2:gfpmut2) was attenuated
(data not shown).

Secretion of VirE2 and VirD2 Is Independent of the virB Pilus. In A348
(ptac-virEl + E2:phoA), VirE2::PhoA was present in the su-
pernatant fraction even when cells were grown in MG /L at pH
7 (Fig. 2A4). Under these conditions, no vir genes other than
ptac-driven virEl and virE2:;phoA should be expressed (23).
These results suggest that the VirB proteins are not required for
the secretion of VirE2. To confirm this suggestion, two strains
cured of their Ti plasmid, A136 and AD802 (37), were trans-
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Fig. 3. VirE2 and VirD2 secretion under various conditions and genetic
backgrounds. (A) Western blots of supernatants from different virB secretion
system mutant constructs detected with antibodies (noted on the left). Lane
1, A136 (ptac-virE1 + E2 /pUFR047); lane 2, virD4 mutant (At12506); and lane
3, virB1 polar mutant (At10067). (B) Western blots of supernatants of A348
cells grown under inducing conditions at two different temperatures (19 and
28°C) detected with antibodies (noted on the left). Each lane was loaded with
the equivalent of 10 ml of culture supernatant (the equivalent of 50 ml was
loaded in other assays) from cells with a similar ODggo. (C) Western blots of
supernatants from different A. tumefaciens strains detected with antibodies
(noted on the left). Lane 1, A136; lane 2, A348; lane 3, virE mutant (KE1); lane
4, KE1 (ptac-virE1 + E2 /pUFR047); lane 5, virD2 mutant (At10002); and lane 6,
virE2 mutant (At12516).
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formed with ptac-virEl + E2. VirE2 was detected in the super-
natant fractions of both strains (Fig. 34, lane 1). Similar results
were obtained by using KE1 (ptac-virEl + E2) grown under
noninducing conditions in MG/L or AB media (data not
shown). To further demonstrate that neither the VirB proteins
nor VirD4 is required, we analyzed the supernatant fractions of
two virB mutants [At11067 (a polar virBI mutant; Fig. 34, lane
3) and A348AB2 (a virB2 deletion; data not shown)] and a virD4
mutant [At12506 (a virD4 polar mutant; Fig. 34, lane 2)]. Both
VirE2 and VirD2 were detected in the supernatant of the above
mutants.

Low Temperature Enhances the Secretion of VirE2 and VirD2. Fullner
and Nester (38) provided the first evidence that temperature
affects the virB secretory machinery of A. tumefaciens when they
reported that pili could be readily observed on the surface of
cells grown at 19 but not 28°C (12). We investigated whether
temperature affects the levels of secreted VirE2 and VirD2. Both
proteins were detected in the supernatant and in the total cell
fractions at 28 and 19°C (Fig. 3B). Because the volume of
supernatant used in this experiment was only 1/5 of the normal
amount used, the VirE2 and VirD2 bands at 28°C are much
weaker than in other sets of experiments. No significant differ-
ence in the level of either protein can be seen in the total cell
fractions at 28 and 19°C, indicating that the production of both
proteins is unaffected by temperature. However, after normal-
izing to the same OD, significantly more VirE2 and VirD2 was
observed in the supernatant fraction of cells grown at 19°C. We
estimate that at least fivefold more VirE2 and VirD2 proteins are
present in the supernatant fraction of cells grown at 19°C
compared with 28°C.

VirE1 Is Required for VirE2 Secretion. We next determined if VirEl,
a molecular chaperone for VirE2 (23, 39), is required for
secretion of VirE2. A6007 (ptac-virE2::phoA) was assayed for
phoA activity under noninducing conditions. In contrast to what
was observed with A6007 (ptac-virEl + E2:phoA), A6007
(ptac-virE2:;phoA) did not turn blue on 5-bromo-4-chloro-3-
indolyl phosphate plates and the VirE2::phoA protein was not
detected in the supernatant fraction (data not shown). To
confirm these results, Western blotting was used to determine
whether VirE2 was secreted in KE1 carrying ptac-virE2 or
ptac-virEl + E2, when cells were grown under noninduced
conditions. In all cases, VirE2 was only detected in the super-
natant when VirE1 was coexpressed (Fig. 3C). In addition, even
though VirE2 was not secreted, VirD2 was detected in the
supernatant, indicating that VirD2 can be exported indepen-
dently of VirE2.

VirF Is Also Secreted. VirF is a Ti plasmid-encoded protein that is
found in some, but not all, strains of Agrobacterium (32). It
functions to extend the host range of the strain on certain plants,
but its mechanism of action is not understood. VirF is transferred
into plant cells like VirE2 and VirD2. Western blot analysis
determined that VirF was present in the supernatant fraction of
cultures grown under inducing conditions (Fig. 4B).

Avirulent Chromosomal Mutants Secret VirE2. Our results indicate
that the factor(s) involved in the secretion of VirE2 is not
encoded in the Ti plasmid. The supernatant fractions from
previously described avirulent chromosomal mutants were an-
alyzed to determine if these genes played a role in VirE2
secretion. Mutants included chvA (40), chvB (40), exoC (41),
chvE (42), and acvB/virJ (43) mutants. ChvA is an inner
membrane protein that is involved in the transport of B1,2-
glucan synthesized by ChvB and ExoC. B1,2-glucan is required
for attachment of Agrobacterium to plant cells. ChvE is a
periplasmic sugar-binding protein that is required for optimal vir
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Fig.4. Coomassie Brilliant Blue staining and Western blotting of protein gels
from different fractions of A. tumefaciens cells containing ptac-osa. (A) Cells
were grown under inducing conditions and then collected, and separated into
supernatant, periplasmic, cytoplasmic-soluble, and cytoplasmic-insoluble
fractions (noted on the top). The fractions were run on SDS/PAGE gels, and
stained with Coomassie Brilliant Blue. Lane 1, A348 (pUFR047); and lane 2,
A348 (ptac-osa/pUFR047). (B) Western blots of the proteins from different
fractions (noted on the top) detected with antibodies (noted on the right).
Lane 1, A348 (pUFR047); and lane 2, A348 (ptac-osa/pUFR047). Periplasmic
proteins, PP; cytoplasmic-soluble proteins, CSP; and cytoplasmic-insoluble
proteins, CIP.

gene induction. AcvB and presumably its functional homolog
Vir]J are periplasmic proteins that have been reported to bind to
the T-strand. VirE2 was detected in the supernatant fractions
from all mutants at levels comparable to wild type (data not
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Fig. 5. Western blots of A. tumefaciens cells containing pRSF1010
(pPML122AGm) and Osa (ptac-osa/pUFR047). (A) Supernatant fractions were
harvested from cells grown under noninducing conditions, and proteins were
detected with VirD2 and VirE2 antibodies. Lane 1, A136 (ptac-virE1 +
E2/pUFR047 + pML122AGm); and lane 2, A136 (ptac-virE1 + E2/pUFR047).
(B) Western blot analysis of supernatant and total cell fractions of A. tume-
faciens strains carrying Osa. Fractions (noted on the top) were collected from
cells grown under inducing conditions, and proteins were detected with
specific antibodies (noted on the left). Lane 1, A348 (pUFR047); and lane 2,
A348 (ptac-osa/pUFR047).

shown). An acvB mutant strain A208, which lacks vir/ in its Ti
plasmid, secreted VirE2 when the virE construct under ptac
control was introduced. We conclude that none of the avirulent
chromosomal mutants tested affect VirE2 secretion.

Vir Proteins Are Exported Across the Inner Membrane. To gain some
insight as to whether the exported molecules were first being
secreted into the periplasm and were then exiting through the
outer membrane, we determined whether proteins known to be
in the periplasm could also be observed in the culture superna-
tant. Cells were grown under inducing conditions, and after
isolation of the supernatant fraction, the total cell fraction
(pellet) was further subdivided into periplasmic, cytoplasmic-
soluble, and cytoplasmic-insoluble fractions (see Materials and
Methods). SDS /PAGE analysis of all four fractions stained with
Coomassie brilliant blue suggests that the proteins in the super-
natant and periplasmic fractions are distinctly different from
those in the cytoplasmic-soluble and -insoluble fractions. A
putative flagellin band (44), at =32 kDa, is observed only in the
supernatant fraction (Fig. 44). In Agrobacterium, two periplas-
mic proteins, Vir]J and ChvE, contain leader peptides and are
presumably exported in a sec-dependent manner into the
periplasm. Both proteins were found in the periplasmic fraction
and also in the supernatant fraction (Fig. 4B). In addition, ChvE
was found in the cytoplasmic-soluble and -insoluble fractions.
VirD2, VirE2, and VirF proteins were found in all four fractions.
However, Ros was located only in the cytoplasmic-soluble and
-insoluble fractions. We conclude that the supernatant fraction
contained only proteins that were exported across the inner
membrane, i.e., VirE2, VirD2, and VirF, as well as the two
known periplasmic proteins ChvE and Virl.

Osa, but Not pRSF1010, Inhibits the Secretion of VirE2, VirD2, and VirF.
Although our data show that three proteins known to enter plant
cells are found in the supernatant, the biological significance of
these observations is not clear. In the absence of mutants in
which transport is blocked, we looked at the effect of macro-
molecules that have been shown to block transfer of VirD2 and
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Fig. 6. Extracellular complementation of A. tumefaciens strains on kalan-
choe. Atotal of eight leaves on eight different plants were inoculated, and the
photos were taken 21 days later. The strains inoculated are noted beside the
infection sites.

VirE2. We determined whether VirE2 is secreted into the
supernatant of 4. tumefaciens carrying either a derivative of the
RSF1010 plasmid, pML122AGm (45), or an Osa expression
construct ptac-osa in pUFR047 (46). RSF1010 can be trans-
ferred into other bacteria and plant cells in a virB-dependent
manner. RSF1010 competitively inhibits the transfer of the
T-complex, hereby inhibiting tumor formation (47). Osa, a
protein encoded by the pSa plasmid of Shigella flexneri, report-
edly inhibits the export of VirE2 leading to avirulence (48, 49).

Western blot analysis shows that the level of VirE2 was not
reduced in the supernatant fraction of cells carrying
pML122AGm (Fig. 54). We did not analyze VirD2 levels
because these assays were performed in a strain cured of its Ti
plasmid [A136 (pML122AGm and ptac-virEl + E2)].

However, in A348 (ptac-osa), neither VirE2 nor VirF was
detected in the supernatant or the periplasmic fractions. Both
proteins were expressed normally in the total cell fraction (Fig.
5B). The levels of VirD2 in the supernatant and the periplasmic
fractions were significantly reduced, but were still detectable. In
contrast, Osa did not affect the levels of Vir] and ChvE in the
periplasm (Fig. 4B). These results indicate that Osa selectively
blocks the passage of VirE2, VirD2, and VirF proteins across the
inner membrane. We tested our ptac-osa construct in extracel-
lular complementation assays on leaves of kalanchde. As antic-
ipated, A. tumefaciens carrying ptac-osa did not serve as either
a VirD2 or VirE2 donor (Fig. 6). These results are consistent
with our previous data that Osa blocks the exit of both VirD2 and
VirE2 from cells of Agrobacterium.

Discussion

VirD2 and VirE2 proteins and the T-DNA are presumably
transferred directly from the bacterial cytoplasm into plant cells
in a virB-dependent manner (11, 15). The data presented in this
report indicate that these proteins, and VirF, were present in the
periplasm and the supernatant. The presence of VirD2, VirE2,
and VirF in the above two fractions did not result from cell lysis,
because two cytoplasmic proteins (CAT and Ros) were absent in
the same two fractions. Because VirJ and ChvE were also present
in the supernatant, it is not clear whether VirE2, VirD2, and
VirF entered the supernatant via a dedicated transport pathway
or by passive leakage through the outer membrane. However,
there is no doubt that VirE2, VirD2, and VirF entered the
periplasm. Because VirD2 and VirE2 do not contain typical
leader peptides and Osa selectively blocked the export of VirD2,
VirE2, and VirF but not VirJ and ChvE, it is unlikely that a
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sec-dependent pathway participated in the process. In addition,
the T-pilus was also not required for the export process.

A number of features of the secretion of the virulence proteins
are consistent with other observations of T-complex transfer in
A. tumefaciens. First, we observed that virulence proteins could
be secreted independently of one another, a conclusion previ-
ously reached in the transfer of VirD2 and VirE2 into host cells.
Second, several studies have shown that VirEl, the molecular
chaperone for VirE2, is required for the secretion of VirE2
(23, 39, 50). We observed in the present study that VirE2
could be detected in the supernatant only when VirE1 was also
synthesized.

The levels of virulence proteins we observed in the superna-
tant were only about 1% of the total virulence proteins synthe-
sized at 28°C. The reason for this low level of secretion is not
clear, but it is likely that the conditions for secretion we used
were not optimal. For example, contact with host plants might
enhance secretion similar to what has been observed in the case
of type II secretion systems (51, 52). We also observed that both
the levels of VirD2 and VirE2 in the supernatant increased at
least fivefold when cells were grown at a lower temperature. This
was also observed in the type III-mediated secretion of proteins
into the supernatant (53). Although the low temperature is
correlated with an increased formation of the T-pilus (12), this
cannot be the explanation because secretion was independent of
the T-pilus. Thus, temperature must impact other factors. Why
temperature should be an important virulence factor and what
cell component(s) was affected by temperature remain intriguing
but unanswered questions.

Because proteins were secreted by cells expressing the viru-
lence proteins at high levels in the absence of host plants, the
VirD2 and VirE2 secretion might not be related to the actual
transfer of the T-complex. The RSF1010 plasmid was reported
to compete with the transport substrates, especially VirE2, for
the transport pore (47), yet we have not observed differences in
the levels of VirE2 and VirD2 in the supernatant whether or not
pRSF1010 was present. It is possible that pRSF1010 might have
influenced a later step in the transport process or caused a more
general inhibition not restricted to any specific step. In addition,
the question of whether T-DNA is required for secretion of
VirD2 and VirE2 has not been addressed in this report.

One piece of evidence supporting the notion that the transfer
of VirD2 and VirE2 into the supernatant plays a role in virulence
is the observation that Agrobacterium expressing Osa was both
avirulent and deficient in the export of the three virulence
proteins. This suggests that the entry of VirE2 and VirD2 into
the periplasm, and perhaps the supernatant, is required for
virulence. Osa is located in the inner membrane of Agrobacte-
rium (54), and the cellular location of Osa is consistent with its
inhibitory effect on the export of the virulence proteins. Osa
inhibition is selective because it did not alter the export of VirJ
and ChvE whose export depends on a sec-dependent pathway.
Additionally, it has been reported that many of the VirB proteins
are produced and targeted properly in A. tumefaciens cells
expressing Osa (54), implying that Osa does not interfere with
the assembly of the T-pilus. This is consistent with our obser-
vation that the secretion of VirE2 and VirD2 into the periplasm
did not require the virB system.

This report raises a number of unanswered questions. The
most important one is does the secretion of these virulence
proteins into the periplasm play a role in virulence? Although
VirE2 and VirD2 were exported across the inner membrane in
avirB-independent manner, critical genetic evidence linking this
pathway to tumor formation is lacking. We have assayed some
previously described avirulent chromosomal mutants; however,
all were still able to transfer at least VirE2 (data not shown). We
are currently attempting to isolate mutants that are defective in
the transport of these proteins into the periplasm. Having such

PNAS | June 20,2000 | vol.97 | no.13 | 7549

MICROBIOLOGY



a mutant would test the current model of T-complex transfer in
Agrobacterium (11, 15). Is it a one- or two-step process? Does the
T-pilus play a role only in the second step? Pertussis toxin export
in B. pertussis, mediated by a virB-like system, occurs in two
stages (17, 20). First, the toxin subunits are exported into the
periplasm by a sec-dependent pathway. This is followed by a
second step that transfers the toxin into the host cell via the
virB-like secretion system. It is possible that all virB-like secretion
systems share a mechanistic similarity in addition to their protein
homology. However, one difference between the transported
proteins of Agrobacterium and Bordetella is that VirD2, VirE2,
and VirF do not have signal sequences that would allow them to
cross the inner membrane in a sec-dependent manner (11, 15).
Our data suggest a model similar to the B. pertussis toxin
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transport, in which an additional step independent of VirB is
involved that can be specifically blocked by Osa.
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